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ABSTRACT 
Jessica Coyle: Trait-based inference of environmental constraints on lichen epiphyte 
communities at multiple spatial scales 
(Under the direction of Allen Hurlbert)
 Ecological systems respond to processes that operate at a variety of spatial scales. 
Epiphytic lichens are a useful group for studying community response to cross-scale 
environmental variation because tree and forest architecture organize epiphyte communities into 
discrete hierarchical scales and because lichens’ limited homeostatic ability makes them 
potentially sensitive environmental indicators. Examining variation in the functional traits of 
organisms can elucidate the role of the environment in structuring communities because these 
traits provide a direct link between organismal fitness and environmental filters. For lichens, 
such trait-based approaches are not yet fully developed. 
 This dissertation examines how lichen traits can provide insight into environmental 
constraints on communities across multiple spatial scales. The primary goals of this research 
were to 1) evaluate the extent to which larger-scale processes influence lichen epiphyte 
communities at smaller scales and 2) assess the utility of functional versus morphological trait-
based approaches for understanding community assembly in lichen epiphytes. I utilized a 
national forest inventory (U.S. Forest Service) and conducted two field-based surveys in 
temperate deciduous forests across North Carolina (U.S.A.) to assess environmental factors 
affecting lichen assemblages at three focal scales: forest patches, tree trunks, and individual 
branches within tree canopies. To evaluate trait-based approaches, I quantified the response of 
functional and morphological traits to environmental variation at different scales and assessed 
iv 
 
whether observed relationships were consistent with hypothesized environmental constraints.
 Results highlighted a previously underappreciated role for larger-scale processes in 
determining the composition of lichen epiphyte assemblages at multiple scales, but also revealed 
high community variability at small scales, which was not well accounted for by linear 
environmental models. This suggests a potentially important role for stochasticity in lichen 
community formation. Analyses also indicated that future development of trait-based approaches 
to lichen community studies should focus on quantifiable and functionally interpretable traits 
rather than the categorical characters used for species identification. This research demonstrates 
that traits are a useful, but not powerful, tool for understanding processes shaping lichen 
assemblages.
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INTRODUCTION 
Species assemblages are formed and change through environmental processes operating 
at multiple spatial scales. A full understanding of the consequences of current and future 
environmental variation requires synthetic, cross-scale research. Epiphytic lichens are a useful 
system in which to study community response to environmental variation across scales. The 
fractal topology of forests conveniently organizes epiphyte communities into discrete, 
hierarchical scales. Furthermore, lichens’ limited homeostatic ability, comparatively simple 
physiology and sessile nature reduce the dimensionality of potential responses to external 
conditions, leading to relatively straightforward prediction of how communities should respond 
to environmental variation.  
Despite their diversity and ubiquity across all global biomes (Galloway 2008), studies of 
lichens comprise a small fraction of the ecological literature pertaining to scale (Dettki & Esseen 
1998; Will-Wolf et al. 2006; Jüriado et al. 2009; Lisewski & Ellis 2011). Underutilization of 
lichens as a system for testing general ecological theory may stem from the difficulty of species 
identification in community samples where lichen thalli often lack distinguishing characters. 
Development of trait-based survey methods that translate lichen community variation from 
species identities into a language of structure and function would make lichen-based studies 
accessible to a broader ecological audience as well as facilitate cross-system comparison. Over 
the last five years, studies that measure and interpret functional trait variation in lichen 
communities have become more prevalent (e.g. Lewis & Ellis 2010; Gauslaa & Coxson 2011; 
Rapai, McMullin & Newmaster 2012; Giordani et al. 2012, 2014; Koch et al. 2013; Spickerman 
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2015; Nascimbene & Marini 2015; Nelson et al. 2015), but have offered little guidance a to the 
utility of different traits. Defining a set of functionally relevant and easily measured traits is 
challenging, but critical for the development of a trait-based approach for lichens (Ellis 2012). 
Fortunately, a large body of prior research on lichen physiology and autecology provides a 
strong foundation (Nash 2008).  
In this dissertation I examine how different lichen traits provide insight into 
environmental constraints on communities across spatial scales. The primary goals of this 
research are to 1) evaluate the extent to which local-scale lichen communities are influenced by 
larger-scale processes and 2) assess the utility of functional versus morphological traits for 
understanding community assembly in lichen epiphytes. I assess the contribution of large-scale 
processes to the assembly of lichen communities at three focal spatial grains: forest patches, tree 
trunks, and individual branches, corresponding to three main data sets. In Chapter 1 I compare 
the relative effects of regional and local process on lichen species richness in forest patches using 
data from the U.S. Forest Service and the Consortium of North American Lichen Herbaria. For 
Chapters 2 and 3 I conducted lichen surveys across forests of the Piedmont and Blue Ridge 
Mountains ecoregions of North Carolina (U.S.A.) to measure the effects of substrate and site-
level environmental factors on the functional structure of lichen assemblages on tree trunks. I 
explore within-tree environmental gradients in Chapter 4 by assessing functional and taxonomic 
variation among lichen assemblages on branches within oak (Quercus rubra) tree canopies. To 
evaluate the utility of different morphological (Chapters 2 and 3) and functional (Chapter 4) 
traits for revealing constraints on lichen community assembly, I quantify the response of 
individual- and community-level traits to environmental variation and evaluate effects sizes, 
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variance explained, and whether trait-environment relationships are consistent with predictions 
derived from lichen physiology and ecological theory. 
  
17 
 
CHAPTER 1: ENVIRONMENTAL OPTIMALITY, NOT HETEROGENEITY, DRIVES 
REGIONAL AND LOCAL SPECIES RICHNESS IN LICHEN EPIPHYTES 
 
Introduction 
 Which environments support more species? Answering this question is a prerequisite for 
explaining the global distribution of biodiversity and providing practical guidance for its 
conservation. Recently and historically, environmental heterogeneity has been proposed as a 
primary driver of biodiversity across a wide range of spatial scales (McIntosh 1985; Stein, 
Gerstner & Kreft 2014). At small scales, where interacting individuals form a multi-species 
community, environmental heterogeneity provides a greater variety of niches for species with 
different ecological requirements (MacArthur 1964) and facilitates fitness trade-offs that limit 
competitive exclusion, when species require similar resources (Amarasekare 2003). At regional 
to global scales, heterogeneity can increase species richness by aggregating species pools from 
different habitat types (Hortal et al. 2009) as well as by altering rates of speciation (Hughes & 
Eastwood 2006) and persistence through climate fluctuations (Fjeldså, Bowie & Rahbek 2012). 
 Many other contemporary environmental factors have been proposed as primary drivers 
of species richness at various scales, including water and energy, productivity, nutrients, edaphic 
conditions and disturbance (reviewed in (Whittaker, Willis & Field 2001). Specific mechanisms 
by which each factor influences richness vary, but as a generalization, species cannot persist in 
environments that do not meet their fundamental niche requirements and therefore richness has 
the potential to be highest where conditions meet more species’ needs. Furthermore, conditions 
closer to species’ fitness optima sustain larger populations with lower probabilities of extinction 
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or local extirpation. Correlations between species richness and environmental factors can arise 
when species’ physiology and ecology are constrained by a shared evolutionary and geographic 
history, such that environmental conditions that match shared niche requirements support more 
species (Currie et al. 2004; Wiens & Graham 2005).  
 The extent to which the number of species in an area relates to the ‘optimality’ of the 
environment for multiple species versus the variety of environmental conditions available (i.e. 
‘heterogeneity’) likely varies across systems and scales. Meta-analysis of environmental 
correlates of species richness has shown greater explanatory ability of covariates related to 
climate and productivity than covariates measuring environmental heterogeneity, particularly at 
the largest spatial grains and extents (Field et al. 2009). This seems contrary to the wide-spread 
support for positive richness-heterogeneity relationships (Lundholm 2009), which also tend to be 
strongest at larger spatial grains (Stein et al. 2014). These disparities suggest that a single study 
investigating the relative influence of environmental heterogeneity and optimality on species 
richness should strive to utilize data and methods that integrate across scales (e.g. González-
Megías, María Gómez & Sánchez-Piñero 2007). The mechanisms by which environmental 
heterogeneity and optimality affect species richness differ with scale and should be accounted for 
in analyses. Furthermore, processes regulating richness at small and large scales are linked by the 
interdependence of environmental conditions across scales (Passy 2009) and the dispersal of 
species amongst the local sites that comprise a larger region (Leibold et al. 2004). The meta-
community conceptualization of local-regional dynamics (Leibold et al. 2004) is a potentially 
valuable framework for studying the influence of environmental heterogeneity and optimality on 
species richness across spatial scales and could improve our understanding of how geographic 
diversity patterns are generated. 
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Our goal is to investigate how environmental heterogeneity and optimality regulate 
species richness across spatial scales using analyses that explicitly consider these effects within a 
local-regional hierarchy. We use data from a national survey of epiphytic lichen communities in 
forests because lichen epiphytes are a biologically diverse group whose ecology offers an ideal 
opportunity to evaluate hypotheses about the influence of the environment on communities 
across spatial scales (Ellis 2012). As sensitive environmental indicators that are ubiquitous 
globally in forested ecosystems (Nash 2008), lichens are well-suited to detecting how different 
aspects of environmental variation can influence communities across a wide range of conditions. 
In addition, forests vary greatly in structural composition and climatic setting, which allows 
environmental heterogeneity and optimality to be measured at multiple spatial scales. 
 We first establish the geographic distribution of local and regional species richness for 
non-crustose epiphytic lichens (e.g. ‘macrolichens’) across the United States using U.S. Forest 
Service surveys of forest inventory plots and by aggregating Consortium of North American 
Lichen Herbaria species records, respectively. We then relate species richness to environmental 
covariates that characterize environmental heterogeneity and average environmental conditions 
at local and regional scales in order to determine 1) the dependence of local richness on regional 
processes, 2) whether species richness is primarily influenced by environmental heterogeneity or 
optimality, and 3) whether the relative influence of these different aspects of the environment 
differs between local and regional scales. Our approach is to use generalized linear models to 
isolate the effects of categories of predictors of macrolichen species richness. Parameter 
estimates and variation explained by these models are used to infer the importance of regional 
and local processes in determining local richness and whether richness is primarily related to 
environmental heterogeneity or optimality.  
 
  
20 
 
Methods 
Data 
We obtained macrolichen community data for 2,071 forest plots surveyed between 1997-
2008 by the Forest Inventory and Analysis Lichen Community Indicator program (hereafter, 
FIA) (Will-Wolf 2010). Data are available from: http://apps.fs.fed.us/fiadb-
downloads/datamart.html and http://www.fia.fs.fed.us/tools-data/other_data/default.asp. Subsets 
of these data have been used to quantify environmental gradients affecting lichen community 
structure in specific regions (McCune et al. 1997b; Jovan & McCune 2004; Will-Wolf et al. 
2006), but species richness variation across the entire United States has not been previously 
reported. Due to the survey methodology, plot-scale species richness in these data underestimates 
the actual number of macrolichen species that are present and may more accurately be referred to 
as a ‘species richness index’ (Will-Wolf 2010). However, the standardized methodology does 
allow comparison of richness differences across plots, even if the absolute estimates are 
incorrect. After removing 44 plots with fewer than 2 adult trees, 100 plots for which 
environmental data were not available, and 4 plots determined to be outliers, the final data set 
consisted of 1,923 plots located in 29 states spanning the continental United States. 
We estimated local species richness for each plot from surveys in which macrolichen 
species were recorded from all woody substrates in an area of approximately 4000 m
2
 (within a 
36.576 m radius circular plot) within a 2-hour time period (detailed survey methodology can be 
found in Woodall et al. 2009; Will-Wolf 2010). To account for changes in taxonomy, species 
names were standardized as recommended in the FIA documentation for analyses spanning all 
regions. We then calculated local macrolichen species richness in each plot as the total number 
of taxa occurring in a single survey, since only a few plots were surveyed multiple times. 
Regional macrolichen species richness was estimated from 148,161 herbarium records in the 
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Consortium of North American Lichen Herbaria database (CNALH 2014). We estimated 
regional species richness for each plot as the number of taxa that occurred within a 500 km 
radius of the plot, only considering taxa that are surveyed by the FIA program. To control for 
geographic bias in overall sampling effort, regional richness estimates were based on a fixed 
sample of 2,000 records. Distances shorter than 500 km did not contain enough herbarium 
records to ensure an adequate sample of regional diversity, but yielded similar geographic 
patterns of regional richness (see ‘Calculation of regional species richness’ in Appendix 1).  
We derived forest structure and climate variables measuring environmental optimality 
and heterogeneity at both local and regional scales (Table 1.1). Variables measuring 
environmental optimality assess the central tendency (e.g. mean) of an environmental factor 
within a plot or region surrounding a plot, whereas variables measuring heterogeneity assess the 
dispersion of these factors (e.g. variance) within a plot or region. All local forest structure 
variables were based on tree surveys conducted by the FIA program at the same plot locations 
where lichens were surveyed. We estimated regional tree species richness within a 500 km radius 
of each plot from tree species occurrences across all FIA plots. Local-scale climate variables 
were obtained for each plot by intersecting plot geographic coordinates with several long-term 
average climate maps obtained from WorldClim and PRISM data (Hijmans et al. 2005; PRISM 
Climate Group 2013). Regional-scale climate variables were derived from the same data, with 
regional means and variances calculated within a 500 km radius of each plot. One local climate 
variable, total annual direct solar insolation, was calculated from field-measured topographic 
slope, aspect, and latitude using functions in the insol package in R (Corripio 2014). In two cases 
pairs of environmental variables were strongly collinear: annual precipitation and relative 
humidity, and maximum tree diameter and tree size diversity. Therefore, we extracted two 
orthogonal variables from each of these pairs using principle components analysis (PCA) and 
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used the orthogonal variables in all models (orthogonal variable names are High precip-high RH 
/ High precip-low RH and Large trees / Tree size variation). Detailed descriptions of the 
derivations of all environmental covariates are described in the ‘Additional methodological 
information’ section of Appendix 1. 
The entire data set was randomly divided in half into training and testing data sets that 
encompassed the same geographic range. To avoid over-fitting models, the training data set was 
used during initial data exploration and model specification, during which we decided which 
variables to include, whether to transform variables, and whether quadratic relationships should 
be included. Final results were interpreted from models fit to the testing data set of 962 plots.  
 
Models 
To explore relationships between environmental covariates and local and regional 
macrolichen species richness (SL and SR, respectively), we fit six models with different 
combinations of sets of predictors: local heterogeneity variables (LH), local optimality variables 
(LO), regional heterogeneity variables (RH) and regional optimality variables (RO) (see Table 
1.2 for model abbreviations). Variables with strongly skewed distributions were transformed to 
reduce the impact of extreme observations. Regional climate variance variables were all log-
transformed while bark moisture diversity and wood density diversity were square-root 
transformed. To model local species richness, we used maximum likelihood to fit a generalized 
linear model with a negative binomial error distribution and log link function, which was better 
supported than a Poisson or normal error distribution (function glm.nb in R package MASS; 
(Ripley et al. 2015). For regional species richness, we used maximum likelihood to fit a spatial 
simultaneous autoregressive error model (function errorsarlm in R package spdep (Bivand et al. 
2015) with normal errors and neighbor weights proportional to the areal overlap of the 500 km 
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radius circles around neighboring plots used to calculate regional scale variables. This attempts 
to account for spatial autocorrelation induced by our method of calculating regional scale 
variables. The algorithm we used to fit these models was unable to accommodate predictors with 
variances that differed by several orders of magnitude. Therefore, since we were primarily 
interested in the relative effect of different variables, we standardized variables to z-scores before 
including them in the models. Because species richness might be expected to exhibit unimodal 
relationships with some variables measuring environmental optimality, we included a quadratic 
term for any variable where unimodal relationships were supported in single variable models. 
This was determined for each variable by comparing the AIC of a univariate model with a linear 
term or with an additional quadratic term, and accepting the relationship as ‘unimodal’ when the 
quadratic term was negative (concave-down) and ΔAIC greater than 2. 
 
Variation Partitioning 
We used additive variation partitioning (Legendre & Legendre 2012) to test the relative 
variation in local species richness explained by local versus regional environmental variables and 
the variation in species richness explained by environmental heterogeneity versus optimality at 
both local and regional scales. This procedure involves comparing the variation in the response 
explained by nested models to determine the proportion of the variation that can be uniquely 
attributed to the different sets of predictors in those models and that which is shared among 
them. We made five comparisons using the models described in Table 2 
1) Variation in local richness explained by all regional scale variables versus all local scale 
variables (model L3, partitioning variance between L1 + L2) 
2) Variation in local richness explained by regional scale versus local scale optimality 
variables (model L6, partitioning variance between L4 + L5) 
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3) Variation in local richness explained by regional scale versus local scale heterogeneity 
variables (model L9, partitioning variance between L7 + L8) 
4) Variation in local richness explained by local heterogeneity versus optimality variables 
(model L2, partitioning variance between L5 + L8) 
5) Variation in regional richness explained by regional heterogeneity versus regional 
optimality variables (model R3, partitioning variance between R1 + R2) 
 
The first three comparisons assess the relative influence of local versus regional processes 
on local macrolichen species richness whereas comparisons 4 and 5 assess the relative influence 
of environmental heterogeneity versus optimality. Because models were GLMs and spatial 
autoregressive models, we used the likelihood-ratio adjusted pseudo-R
2
 (Radj
2
) as the goodness-
of fit measure of variation explained (Nagelkerke 1991). Fractions of variation uniquely 
explained by sets of variables were determined by adding and subtracting Radj
2
 values of the 
appropriate models. 
 
Multi-model inference and parameter estimation 
We used model averaging to estimate the effects and importance of individual 
environmental variables included in the linear models (Burnham & Anderson 2002). To compare 
the effects of individual local versus regional predictor variables on local species richness we 
computed parameter estimates and AICC for all possible sub-models of two full models: one 
containing only heterogeneity variables (model L9) and one containing only optimality variables 
(model L6), with the restriction that each submodel retained at least two predictor variables and 
quadratic terms could not appear without their corresponding linear term. From these sets of 
candidate models, we then selected the top models whose Akaike weights were no less than 5% 
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of the best model (i.e. an evidence ratio of 0.05). Parameter estimates and variable importance 
were then calculated from these sets of more probable models. Variable importance was assessed 
as the sum of the Akaike weights of all models in which a variable appears and its estimated 
effect was calculated as the average of its effects in all models weighted by model Akaike 
weights. We report standardized parameter estimates so that the relative effects of variables can 
be compared, but do not report significance of individual predictors because such inferential tests 
are not valid after this post-hoc analysis of such a large set of models (Burnham & Anderson 
2002). We used the same procedure to compare the effects of individual heterogeneity versus 
optimality predictor variables on local species richness (model L2) and regional species richness 
(model R3).  
 
Results 
Geographic distribution of lichen richness 
Local macrolichen species richness ranged from 1 to 37 species, with high richness 
occurring in Maine, Washington, Oregon, California, and Idaho and low richness in the Great 
Basin and other arid regions (Figure 1.1A). Regional species richness was highest in the Pacific 
Northwest region and southern Appalachian Mountains, but low throughout the Great Basin and 
Midwest (Figure 1.1B). The high regional richness in the southwestern deserts and southeastern 
forests contrasted with the generally lower local-scale richness in these regions. 
 
Variation partitioning 
In univariate models, local species richness exhibited unimodal relationships with five 
variables measuring environmental optimality and three variables measuring heterogeneity 
(Appendix 1, Table A1.2), while regional species richness exhibited unimodal relationships with 
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one optimality variable and one heterogeneity variable (Appendix 1, Table A1.3). Quadratic 
terms for these variables were included in subsequent models used for variation partitioning and 
model averaging.  
We compared three sets of models to determine the relative influence of local versus 
regional scale variables on local macrolichen species richness. In each comparison, the model 
with regional scale variables uniquely explained more variation than the model with local scale 
variables despite having fewer estimated parameters (Figure 1.2A). When all variables were 
included (model L3), the regional variable model uniquely explained 18% of the variation in 
local richness, while the local variable model explained 8%. Among heterogeneity variables 
(model L9) this disparity increased, with the regional model uniquely explaining 23% of the 
variation and the local model explaining 9%. However, among models containing only variables 
measuring environmental optimality (model L6), the proportion of variation in local richness 
uniquely attributed to local versus regional variable models was approximately equal (11% and 
12%, respectively). In addition, for all three comparisons the regional model had a much lower 
AIC than the model containing only local-scale environmental variables. 
To determine the relative influence of environmental heterogeneity versus optimality on 
macrolichen species richness we compared two sets of models- one set predicting local richness 
(model L2) and one set predicting regional richness (model R3). At both scales, models 
containing variables measuring environmental heterogeneity explained very little unique 
variation in species richness (Figure 1.2B). At a regional scale, variables measuring 
environmental optimality uniquely explained at least four times more variation in regional 
species richness than heterogeneity variables (26% vs. 7%). In models of local species richness, 
the model with variables measuring environmental optimality uniquely explained 27% of the 
variation in species richness compared to 2% for the heterogeneity model. Lower AIC values for 
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optimality models at both scales also indicate that these variables are better predictors of species 
richness than heterogeneity variables. 
 
Multi-model inference and parameter estimation 
In order to compare the effects of individual local- versus regional- scale variables on 
local macrolichen species richness, we averaged parameter estimates from the best submodels of 
two full models- one containing optimality variables (model L6) and one containing 
heterogeneity variables (model L9). Of the 1,119,727 optimality submodels, 129 were identified 
as being most likely (evidence ratio ≥ 0.05, compared to the best model) and were used for 
parameter estimation (Appendix 1, Table A1.4). Following the same criterion, 52 out of 31,091 
heterogeneity submodels were identified as the most likely and were used for parameter 
estimation (Appendix 1, Table A1.5). We report standardized parameter estimates so that the 
effects of variables can be compared.  
In the optimality variable model (L6), the variables with the strongest effects on local 
richness were all regional-scale climate variables: high precipitation – high RH (0.12), mean 
annual temperature (-0.11), and isothermality (0.08). Aside from high precip.-low RH, the effects 
of local-scale climate variables were always weaker than the effects of their regional counter-
parts (Figure 1.3). Six out of eleven local-scale optimality variables had no effect on local 
richness. For the heterogeneity variable model (L9), every regional-scale variable was included 
in all 52 top models, whereas only two local-scale heterogeneity variables, bark moisture 
diversity and tree species diversity, exhibited the same level of importance. Regional tree species 
richness and spatial variance in precipitation seasonality had the strongest effects (0.12 and 0.11, 
respectively), but the inclusion of a negative quadratic term for both variables suggests that local 
richness does not respond linearly. 
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 To compare the effects of individual variables measuring environmental heterogeneity 
versus optimality, we averaged parameter estimates from the best submodels of a regional-scale 
model of regional richness (model R3) and from the best submodels of a local-scale model of 
local richness (model L2). Fourteen out of 4,608 regional submodels were identified as most 
likely and used for parameter estimation, while 1,545 out of 3,359,214 local scale submodels 
were used. 
At the local scale, six variables measuring environmental optimality occurred in all 1,545 
most likely models, whereas no variable measuring environmental heterogeneity did so. Of the 
most important optimality variables, mean canopy density had the strongest effect (0.05), 
followed by high precipitation – high RH (0.04), and solar radiation (0.03). All three of these 
variables had negative quadratic effects, indicating concave-down relationship with local 
richness. At the regional scale, all variables measuring environmental optimality had stronger 
effects on regional species richness than all variables measuring heterogeneity and were included 
in all 14 top models (Table 1.4). Regional mean isothermality had the strongest effect (1.19), 
followed by regional mean annual temperature (-1.06) and precipitation seasonality (0.58). 
 
Discussion 
Regional control of local communities 
Two lines of evidence suggest an important role for regional processes in determining 
local richness of macrolichen communities in U.S. forests: the greater explanatory ability of 
regional-scale variables in the variation partitioning analysis and the generally stronger effects on 
local richness of individual variables measured at a regional rather than local scale. The only 
other study to explicitly assess environmental drivers of local and regional richness in lichens 
found little predictive power of any covariate and did not discuss potential linkages across scales 
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(Casanovas, Lynch & Fagan 2013). Other studies assessing the correlation between local stand-
scale lichen richness and landscape or regional-scale predictors generally find little effect of 
large-scale predictors compared to local environmental predictors (Nascimbene, Marini & Odor 
2012; Kiraly et al. 2013) or of macroclimate compared to local forest structure (Moning et al. 
2009; Ellis & Coppins 2010). The apparent contradiction between our finding that regional scale 
processes are important for local richness and these previous results stems from a difference in 
scale. In several previous studies, the purpose of examining landscape-scale predictors was to 
assess whether dispersal of lichen species from older forest patches augments the number of 
species in adjacent areas. The lack of evidence for landscape-scale enrichment of local richness 
indicates that lichen species have the ability to disperse across landscapes at least over moderate 
time-scales. Gjerde et al. (2012) suggest that dispersal limitation of species richness in nascent 
forest patches disappears after 100 years. Our finding that regional processes impact local 
macrolichen richness is also consistent with lichens having relatively high dispersal ability. 
However, our study covered a much larger geographic extent and our ‘regional-scale’ variables 
are measured over an area that in some cases would encompass the entire geographic extent of 
prior landscape-scale studies. Dispersal rates may be high enough to homogenize local 
communities and erase correlations between local richness and landscape attributes measured at 
the scale of 10-100 km, yet meta-community models predict that moderate dispersal should 
enhance correlations with regional variables measured at larger scales by strengthening the 
relationship between local and regional richness (Mouquet & Loreau 2003). 
Given the influence of regional-scale processes on local lichen richness, an important 
avenue for further research is to determine the underlying cause of regional gradients of lichen 
richness in North America. High dispersal ability would suggest that lichen distributions track 
current climate and it is tempting to interpret regional-scale richness-environment correlations as 
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evidence for large-scale environmental filtering of a group of organisms with similar 
physiological limitations. However, it is also possible that certain environments have a higher 
capacity to support or evolve more species and that species niches evolved accordingly. 
Quantifying the evolutionary flexibility of lichen niches would help to clarify the direction of 
causality. Globally, only a handful of studies (Marini, Nascimbene & Nimis 2011; Casanovas et 
al. 2013; Soto-Medina 2013) have assessed potential drivers of regional-scale lichen richness. 
The continual development of large-scale species’ distributional data sets, such as CNALH, will 
be crucial for understanding the generation of continental to global-scale diversity. 
 
Dominance of environmental optimality over heterogeneity across scales 
As in previous studies, environmental variables were better predictors of species richness 
at the regional scale than at the local scale (Belmaker & Jetz 2011), but the contribution of 
environmental optimality relative to environmental heterogeneity remained similar across scales. 
Both variation partitioning and the individual parameter estimates support a stronger role for 
environmental optimality over heterogeneity in determining macrolichen species richness. At 
both local and regional scales, the optimality model independently explained substantially more 
variation in richness than the heterogeneity model and the estimated effects of optimality 
variables were mostly stronger than the estimated effects of heterogeneity variables. 
Furthermore, heterogeneity variables did not appear to be increasing richness by increasing 
available niches. Several heterogeneity variables had negative or unimodal relationships with 
richness. Taken together, this evidence suggests that niche-based sorting among habitats is not a 
general driver of local or regional macrolichen richness across the wide variety of forests in 
North America. 
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Heterogeneity variables primarily explained variation in richness that could also be 
attributed to variables measuring environmental optimality, particularly in the regional scale 
models comprised mostly of climate variables. This means that changes in species richness are 
mainly associated with changes in environmental heterogeneity that are also accompanied by 
changes in mean conditions. Thus, it is not simply the variety of conditions that matter, but the 
quality of those conditions.  
The relatively weak independent influence of environmental heterogeneity across scales 
is surprising in light of numerous studies showing that turnover in lichen epiphyte community 
composition is strongly associated with environmental variation ranging from within a single tree 
to across a landscape (Ellis 2012). Forest structural elements that introduce heterogeneity, such 
as light gaps, trees of different ages and standing dead trees have frequently been identified as 
contributing to lichen species richness (Moning et al. 2009; McMullin et al. 2010; Ellis 2012), 
especially as pertaining to recommendations for maintaining diversity in managed forests 
(Neitlich & McCune 1997). Species-sorting among trees with different bark properties can lead 
to a correlation between tree species richness and lichen richness (Meier et al. 2005), a pattern 
that extends to larger regional scales where forest types with greater tree species richness have 
been found to support more speciose lichen flora (Jüriado, Paal & Liira 2003). However, the 
strength of this correspondence between tree and lichen richness may depend on the region in 
which a study has been conducted. In northern temperate to boreal forests complementarity 
among lichen communities on hardwoods versus conifers leads to greater richness in mixed 
forest types (Cleavitt, Dibble & Werier 2009). Yet, increasing tree species richness could have 
much less of an effect in more diverse forests found at lower latitudes if adding tree species to 
already moderately diverse forests does not create new niches for lichens. We found a weak 
positive relationship between regional tree richness and macrolichen richness, but no clear effect 
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at the local scale. The overall weak effects of variables measuring local forest structure we find 
in this study imply that there are not general relationships between macrolichen richness and 
forest structure that are true for all U.S. forests. Hence, we reiterate the oft-given advice that care 
should be taken when generalizing from studies conducted within smaller spatial extents and 
furthermore suggest that decisions regarding forest management for lichen diversity be based on 
regionally parametrized models (Will-Wolf et al. 2006). 
If our data support the hypothesis that richness increases under conditions that are more 
optimal for more species, what then is the optimal macrolichen niche? Like plants, lichens rely 
on photosynthesis to obtain carbon for metabolic processes, hence light and water availability are 
expected to be primary determinants of the distribution and abundance of lichen species (Harris 
1971). The strong positive effects of precipitation and humidity on macrolichen richness that we 
observe are in line with previous reports that water availability creates a strong physiological 
constraint on poikilohydric lichens (Green, Nash & Lange 2008) and is a primary driver of lichen 
richness at regional scales (Marini et al. 2011). This manifests geographically as centers of high 
regional macrolichen diversity occurring in the Pacific Northwest and Northeastern regions and 
the southern Appalachian Mountains. The inclusion of solar radiation and of mean canopy 
density as two of the few local variables measuring forest structure with important effects on 
macrolichen richness is consistent with previous findings that light availability is a determinant 
of lichen richness (Moning et al. 2009; Rosabal et al. 2012). Unlike previous work, we found an 
effect of climatic variables related to temperature: both regional and local species were higher in 
areas with lower mean annual temperatures, and regional richness was higher in areas where 
diurnal temperature variation approaches intra-annual variation. These results are surprising, 
given that lichens are thought to have generally broad thermal optima that shift toward warmer 
temperatures at lower latitudes (Lechowicz 1982; Nash 2008). Richness environment 
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relationships may arise from underlying biogeographic variation unrelated to niche-based species 
sorting and, as with any correlative modeling approach, caution should be used when interpreting 
any single parameter estimate from our models. We base the support for our conclusions on the 
aggregate trend of multiple predictors and do not recommend characterizing the optimal lichen 
niche based solely on the effects of single predictors in our models. Furthermore, these 
conclusions about environmental drivers of macrolichen species richness should not be 
generalized to crustose lichens that grow embedded in their substrate because their morphology 
may cause different responses to environmental variation (Nascimbene & Marini, 2015). 
 
Implications beyond lichen ecology 
Our results are generally consistent with a series of meta-analyses that have found that 
the effect of environmental heterogeneity on richness is stronger or more frequently positive at 
larger spatial scales (Tamme et al 2010, Stein et al 2014), but that when competed against other 
hypotheses, climate, productivity and other measures of average environmental conditions better 
explain variation than environmental heterogeneity (Field et al., 2009; Lundholm, 2009). There 
has not been a comprehensive meta-analysis comparing the relative contribution of regional and 
local factors to local richness, despite a recent increase in the number of studies that explicitly 
consider both local and regional environmental factors in the same analysis. While several 
studies find a greater explanatory role for local biotic and abiotic environmental filters over 
regional processes (Harrison et al., 2006; White & Hurlbert, 2010; Wang et al., 2012), others 
find approximately equal roles of local and regional processes (Passy, 2009; Kristiansen et al., 
2011). It is not clear whether our conclusions regarding macrolichens are anomalous or expected 
given their dispersal potential and biogeographic history. A detailed review and analysis of this 
recent literature would clarify general expectations and the dependence of patterns on taxon- or 
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system-specific biological features (e.g. traits or geographic contexts that influence dispersal) or 
methodological decisions.  
Targeted collection and analysis of data on organisms, guilds or systems with unique 
properties provide opportunities to identify exceptions to patterns and ultimately develop more 
comprehensive theories. Lichens are one example of an exemplary target for increasing the 
generality of ecological studies because they disperse and reproduce like micro-organisms, yet 
have long been collected and studied as macro-organisms. Thus, lichen diversity and 
distributions are well-characterized compared to other fungi and microbes. This, combined with 
a long evolutionary history, global distribution, and high sensitivity to the environment, makes 
lichens a particularly rich yet underutilized research system. By shifting the focal unit of analysis 
from species identity to species number and functional strategy (e.g. McCune 1993; Stofer et al. 
2006; Rapai et al. 2012), lichen ecologists can both increase the scale of their analyses and 
facilitate comparison across taxa and systems.  
 Explicit consideration of the contribution of environmental heterogeneity and optimality 
to species richness within the context of local versus regional dynamics provokes general 
questions about the interaction between scale and heterogeneity. For example, how does regional 
heterogeneity alter the link between richness at regional and local scales? In a heterogeneous 
region containing a diverse assemblage of species, dispersal amongst habitat patches may enrich 
local sites to a greater extent than in a more homogenous region (e.g. mass effects) and lead to 
stronger regional control of local richness. However, if the geographic features that create 
regional heterogeneity also hinder propagule or individual movement, then reduced dispersal 
could result in greater local-scale environmental control (Damschen & Brudvig 2012). Assessing 
the conditions under which these scenarios occur would be a fruitful avenue for future research. 
Yet, the importance of understanding and predicting these patterns is not purely theoretical. 
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Conservation recommendations likely differ for species guilds that vary in how regional 
heterogeneity affects dispersal or the extent to which diversity is constrained by average 
environmental conditions versus environmental heterogeneity. Anthropogenic habitat 
modification can increase or decrease environmental heterogeneity, depending on scale and level 
of intensity (Seiferling, Proulx & Wirth 2014). This, coupled with region-wide changes in 
climate makes it imperative that we be able to predict how different groups respond to 
environmental variation at both local and regional scales. 
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Table 1.1- Environmental variables included in analyses  
Variables are sorted according to their scale (local or regional) and whether they measure central 
tendency (optimality) or dispersion (heterogeneity). Detailed descriptions of variables and their 
derivation can be found in Appendix 1. RH denotes relative humidity. 
 
Regional Optimality Regional Heterogeneity 
High precipitation-high RH (mean) High precipitation-high RH (var) 
High precipitation-low RH (mean) High precipitation-low RH (var) 
Precipitation seasonality (mean) Precipitation seasonality (var) 
Isothermality (mean) Isothermality (var) 
Mean annual temperature (mean) Mean annual temperature (var) 
  Regional tree species richness 
Local Optimality Local Heterogeneity 
Mean bark moisture  Bark moisture diversity 
Mean wood density  Wood density diversity 
Large trees  Tree size variation 
Tree species diversity  Tree species composition 
Mean canopy density  Canopy variability 
Solar radiation  % Trees dead 
High precipitation-high RH 
High precipitation-low RH 
Precipitation seasonality 
Isothermality 
Mean annual temperature  
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Table 1.2- Linear models of macrolichen species richness used for variation partitioning 
Responses are local (SL) or regional (SR) species richness and model statistics are for a full 
model fit to all variables in each of the included categories: regional optimality (RO), regional 
heterogeneity (RH), local optimality (LO), local heterogeneity (LH). Model forms are either a 
generalized linear model with negative binomial error (GLM) or a spatial autoregressive error 
model with normal errors (SAR). Reported model statistics are the likelihood ratio pseudo-R
2
, 
the number of estimated parameters (K), residual deviance, and AIC. Models with the lowest 
AIC for each response variable are indicated in bold. 
 
Model Response Predictors Form R
2
 K Deviance AIC 
L1 SL RH + RO + SR GLM 0.55 18 966.44 5446.7 
L2 SL LH + LO GLM 0.44 27 953.97 5671.3 
L3 SL RH + RO + LH + LO + SR GLM 0.63 43 949.34 5317.2 
L4 SL RO GLM 0.42 9 966.36 5667.9 
L5 SL LO GLM 0.42 18 957.42 5694.6 
L6 SL RO + LO GLM 0.54 25 952.81 5493.9 
L7 SL RH GLM 0.31 10 979.23 5838.4 
L8 SL LH GLM 0.18 11 984.30 6014.3  
L9 SL RH + LH GLM 0.41 19 973.28 5715.1 
R1 SR RH SAR 0.35 10 164.62 1078.9 
R2 SR RO SAR 0.54 9 132.96 869.7 
R3 SR RH + RO SAR 0.61 16 120.70 791.4 
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Table 1.3- Importance and effects of local scale environmental variables on local 
macrolichen species richness 
Parameter estimates are averaged from the 1,545 most likely submodels (evidence ratio ≥ 0.05) 
of a full model containing all local scale variables (model L2). Estimates are standardized to 
enable comparison among variables. Variables are ordered from strongest to weakest estimated 
effect on local richness. For each variable the table lists whether the variable measures 
environmental heterogeneity (mode = ‘H’) or optimality (mode = ‘O’), the relative importance of 
the variable (summed weights of submodels containing it), and the number of most likely 
submodels in which the variable occurs (out of 1,545). Effects of variable quadratic terms can be 
found in Appendix 1, Table A1.6. 
 
Predictor Mode Importance Models Estimate SE 
Mean canopy density O 0.998 1539/1545  0.0528 0.0176 
High precip - high RH O 1.000 1545/1545  0.0380 0.0040 
Solar radiation O 1.000 1545/1545  0.0259 0.0149 
Precip. seasonality O 1.000 1545/1545  0.0229 0.0028 
Wood density diversity H 0.782 1181/1545  0.0211 0.0119 
Bark moisture diversity H 0.838 1266/1545  0.0188 0.0110 
Mean wood density O 1.000 1545/1545 -0.0172 0.0114 
Mean annual temp. O 1.000 1544/1545 -0.0111 0.0036 
Tree diversity H 0.581 949/1545  0.0081 0.0051 
Tree composition O 1.000 1545/1545 -0.0075 0.0027 
Isothermality O 0.597 882/1545  0.0064 0.0038 
High precip - low RH O 0.550 872/1545  0.0053 0.0035 
Canopy variability H 0.464 725/1545  0.0036 0.0026 
Mean bark moisture O 0.341 602/1545 -0.0033 0.0031 
Large trees O 0.269 487/1545 -0.0022 0.0025 
Tree size variation H 0.266 497/1545  0.0020 0.0024 
% Trees dead H 0.310 610/1545  0.0012 0.0039 
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Table 1.4- Importance and effects of regional scale environmental variables on regional 
macrolichen species richness 
Parameter estimates are averaged from the 14 most likely submodels (evidence ratio ≥ 0.05) of a 
full model containing all regional scale variables (model R3). The table follows the same format 
as Table 3. Variables are ordered from strongest to weakest effect on local richness. Effects of 
variable quadratic terms can be found in Appendix 1, Table A1.6. 
 
Predictor Mode Importance Models Estimate SE 
Isothermality (mean) O 1.00 14/14  1.193 0.091 
Mean annual temp. (mean) O 1.00 14/14 -1.059 0.115 
Precip. seasonality (mean) O 1.00 14/14  0.580 0.103 
High precip. - high RH (mean) O 1.00 14/14  0.506 0.114 
High precip. - low RH (mean) O 1.00 14/14  0.403 0.080 
High precip. - high RH (var.) H 1.00 14/14  0.345 0.100 
Reg. tree richness H 1.00 14/14  0.320 0.091 
Mean annual temp. (var.) H 1.00 14/14  0.302 0.062 
High precip. - low RH (var.) H 1.00 14/14 -0.281 0.072 
Isothermality (var.) H 0.74 8/14  0.065 0.033 
Precip. seasonality (var.) H 0.33 7/14  0.021 0.074 
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Figure 1.1- Map of lichen species richness in 1,923 forest plots 
Plot locations are indicated by circles which are colored by the number of macrolichen species 
on a plot (A, local richness) or the number of species with a 500 km radius (B, regional 
richness). Light grey pixels are areas with forest cover (USDA Forest Service, 2002). Map 
projection: Lambert azimuthal equal area centered at 40°N 97°W. 
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Figure 1.2- Proportion of variation in lichen species richness explained by different sets of 
environmental variables 
A) Variation in local macrolichen species richness explained by variables measured at a local or 
regional scale. Dark grey indicates variation uniquely explained by local scale variables while 
light grey indicates variation uniquely explained by regional scale variables. The intermediate 
grey boxes indicate variation which cannot be ascribed to either set of variables alone and the 
white boxes show variation unexplained by the full model. The left column partitions richness 
variation among all variables (models: L3 = L1 + L2), while in the middle and right columns 
variation is partitioned only among variables measuring environmental optimality (models: L6 = 
L4 + L5) or heterogeneity (models: L9 = L7 + L8). B) Variation in macrolichen species richness 
explained by variables measuring environmental heterogeneity versus optimality. The left 
column shows variation in regional species richness explained by regional scale heterogeneity 
and optimality variables (models: R3 = R1 + R2) and the right column shows variation in local 
richness explained by local scale heterogeneity and optimality variables (models: L2 = L5 + L8). 
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Figure 1.3- Effects of local and regional climate variables on local macrolichen species 
richness 
Coefficients from the best supported models of local macrolichen species richness containing 
optimality variables (full model: L6) were averaged and standardized to obtain standardized 
effects of climate variables measured locally and regionally. These effects are plotted here with 
the coefficient for each local climate variable on the x-axis and the coefficient for each regional 
mean climate variable on the y-axis. Points falling in the grey region indicate climate variables 
that have a stronger effect on local richness when measured regionally compared to when 
measured locally. Abbreviations are: high precipitation-high RH (WET) and its square (WET
2
), 
high precipitation-low RH (LOWRH), precipitation seasonality (PSEAS), isothermality (ISO), 
and mean annual temperature (MAT).  
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CHAPTER 2: SPATIAL VARIANCE IN DIVERSITY AND FUNCTIONAL 
STRUCTURE OF LICHEN EPIPHYTE ASSEMBLAGES IN DECIDUOUS FORESTS 
OF THE SOUTHEASTERN UNITED STATES 
 
Introduction 
Ecological communities respond to processes that operate at multiple spatial scales. 
Predicting when fine-scale factors take precedence over larger-scale processes is an important 
goal for both basic and applied ecological research. From the local eradication of an invasive 
species to the implementation of reserve networks for conservation, the success of any 
intervention requires planning for how external factors will affect actions taken locally (Howeth, 
Derry & Reitzel 2010; Economo 2011). More generally, metacommunity frameworks that 
highlight the dependence of local outcomes on regional processes have inspired a substantial 
amount of research on the relative importance of local and regional processes under different 
biological and geographic contexts (Leibold et al. 2004; Logue et al. 2011; Seabloom et al. 
2015; Heino et al. 2015). The field of ecology has yet to come up with a general answer, but the 
collection of evidence from a variety of systems will facilitate the development of a flexible and 
inclusive theory.  
Epiphyte communities are a promising system in which to study how larger-scale 
processes affect local community assembly because trees create a discrete hierarchical spatial 
structure. Individual tree trunks can be viewed as patches, with dispersal among trees linking the 
assemblage of epiphytes on a single tree trunk to those of all nearby trees in the surrounding 
stand. Scaling up, the assemblage of species in a forest patch is dependent on the regional pool of 
species able to colonize the site. Hence, the set of species present on a particular section of bark 
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will be determined not only by interactions between neighboring individuals and the 
microenvironmental conditions at the substrate-level, but also by site-scale factors like 
microclimate or forest continuity as well as regional biogeographical processes.   
In this study, I focus on lichens because they are a dominant and diverse component of 
temperate epiphyte communities across a broad range of forested habitats (Ellis 2012). Many 
previous studies have assessed the effects of tree-, stand-, landscape-, and regional-scale factors 
on lichen communities (Ellis 2012), but rarely have effects of factors at all levels been compared 
within a single methodological framework (Giordani 2006; Ellis & Coppins 2006; Aragon, 
Martinez & Garcia 2012; Ódor et al. 2013). This is likely because cross-scale studies require the 
collection of fine-grain community data replicated across each scale of interest, a task that is 
particularly challenging for lichens. Identification of all lichen species in a randomly sampled 
quadrat on a tree is difficult and time-consuming. Lichen assemblages circumscribed by a 
predefined sampling quadrat often contain individual thalli that lack characters necessary for 
resolving species identities using published keys. For those individuals that can be identified, 
many will need to be removed from the bark and brought to a lab facility for chemical tests and 
microscopic examination of spores and other structures. One potential solution is to adopt a 
taxon-free approach in which lichen communities are described in terms of morphology rather 
than taxonomy (Rivas Plata, Lücking & Lumbsch 2007; Giordani et al. 2012), so that time-
intensive species identification is avoided and non-specialists can participate in data collection. If 
lichen’s physical characteristics mediate the processes that structure communities and the spatial 
variability of these characteristics is similar to the spatial variation of taxonomic community 
structure, then examining variation in lichen community functional structure should be a feasible 
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way to assess processes impacting tree-scale lichen communities across larger regional extents 
(Lewis & Ellis 2010).  
Here, I measure the response of epiphyte communities to environmental variation across 
scales by surveying lichens growing on the trunks of trees in temperate deciduous forests across 
an elevational gradient spanning 400km and two climatic regions in the southeastern United 
States. My main goal is to determine whether epiphyte assemblages are primarily affected by 
processes operating at the substrate- or tree-level, versus processes occurring within forest stands 
or across larger regions. Therefore, I take a hierarchical approach (Noda 2004), first partitioning 
the variability in communities among successively higher levels of spatial organization (between 
trees, patches, forests, and regions) and then determining the extent to which community 
variability at each level corresponds to environmental variability (Aragon et al. 2012). I compare 
measures of diversity, abundance, and functional composition to determine whether these aspects 
of community structure vary in similar ways across scales and whether survey methods based 
solely on morphological traits can detect meaningful community variation.  
 
Methods 
Study location 
The study was conducted during the summers of 2012-2014 at nine forested sites across 
the Piedmont and Blue Ridge Mountains ecoregions of North Carolina (hereafter ‘piedmont’ and 
‘mountains’) (US EPA 2010) (Figure 2.1A). Sites ranged in elevation from 106 – 1342 m above 
sea level. Dominant tree species included Quercus rubra, Q. alba, Q. montana, Acer rubrum, A. 
saccharum, Liriodendron tulipifera, Oxydendron arboreum, and Betula lenta. Site locations and 
tree species sampled are in Appendix 2. Climatic conditions at each site closely followed the 
elevation gradient, with average annual precipitation ranging from 116 – 203 cm and mean 
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annual temperatures between 8.8 and 15.6 °C. Each site was comprised of two 20 x 50 m 
rectangular plots divided into ten 10 x 10 m subplots. One plot was situated on a topographically 
convex and exposed ridge crest while the other was located no more than 300 m away in a 
sheltered concave depression adjacent to either a permanent or temporary stream (Figure 2.1B). 
This allowed assessment of how microclimatic variation affects lichens communities relative to 
the larger-scale climatic variation between sites. In each plot I randomly selected 40 trees to be a 
spatially stratified sample reflecting the full range of tree species and size classes present in each 
plot (Figure 2.1C). I then recorded all lichens in two 9 x 9 cm quadrat samples at a height of 
approximately 1.5 m on opposite sides of each tree, starting from a randomly chosen compass 
direction (Figure 2.1D&E). The final data set consisted of 1,440 samples (1,261 containing 
lichens) collected from 52 tree species ranging in diameter from 3 – 78cm. 
 
Environmental data 
Environmental variables were measured at the sample, tree, plot, and site scales. For each 
sample I quantified bryophyte cover and bark stability using a categorical estimate and measured 
surface inclination angle and the depth of bark furrows. A bark sample was collected for each 
sample, cleaned of surface debris and epiphytes, dried at 40°C and weighed. Bark density was 
determined by volume displacement in water. Bark water holding capacity (as a percentage of 
dry mass, WHC) and pH of each bark sample were then determined by soaking the sample 
overnight in deionized water, weighing the saturated sample and measuring the pH of the water 
with a pH electrode. I measured two tree-scale environmental variables- light transmittance 
through the canopy and diameter at breast height (DBH) as an estimate of relative tree age. 
Annual transmittance of photosynthetically active radiation (PAR) was estimated from 
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hemispherical canopy photos obtained under each tree (Jarčuška 2008; Gonsamo, Walter & 
Pellikka 2011). See Appendix 2 for details on image analysis.  
Several plot- and site-scale environmental variables were calculated from external data 
sources to measure topography, climate, and soils. Elevation and topographic openness 
(Yokoyama, Shirasawa & Pike 2002) were calculated from a 1/9 arc-sec digital elevation model 
(USGS 2015). Mean annual temperature, maximum temperature, annual precipitation, and mean 
daily maximum vapor pressure deficit were extracted for each plot from 30-year normals (1981-
2010) climate maps (PRISM Climate Group 2015). Long-term mean cloud frequency and 
seasonality (intra-annual std. deviation of frequency) were extracted from a maps derived from 
MODIS cloud layer rasters (Wilson & Jetz In press). Soil pH was extracted from soil series data 
in the SSURGO database (NRCS 2015). Because all climate variables were strongly correlated 
with elevation I selected a subset of variables for use in models (annual precipitation, cloud 
seasonality, elevation) by using PCA to determine which variables captured the most climatic 
variation with the least redundancy (Appendix 2, Table A2.2). Climate variables measure site-
scale environment because plots fall within the same grid cell, whereas soil pH and topographic 
exposure measure plot-scale environment and differ between plots at the same site. 
 
Lichen community assessment 
In each sample quadrat I recorded the frequency of each distinguishable lichen species 
(hereafter, ‘morphospecies’) as the number of 3 x 3 cm sub-quadrats it occurred in (ranged 1-9). 
Then, using a 10x hand lens and flashlight, I scored each morphospecies for a set of 
morphological traits (Table 2.1). Across the entire dataset from all samples, every unique 
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combination of traits was given a ‘morphotype’ identification number. From these data I derived 
four measures of community structure for each sample: 
1. Morphospecies richness (RS) is the number of distinct morphospecies in a sample. 
2. Morphotype richness (RM) is the number of distinct morphotypes in a sample (RM ≤ RS). 
3. Average frequency (NAVG) is the mean frequency of a morphospecies in a sample. 
4. Functional diversity (FD) measures the average trait distance between two lichens in a 
sample and is calculated using abundance-weighted rao’s Q on Gower distances (see 
below). 
We analyzed functional dissimilarity between and within sample quadrats from the trait 
values of morphotypes present. Because the morphological traits were a mixture of continuous, 
ordered, and categorical variables, with missing values for secondary characters whose existence 
depended on the state of other primary characters (e.g. features of reproductive structures depend 
on reproductive mode), we calculated the distance between each pair of morphotypes using the 
Gower dissimilarity coefficient (Gower 1971) implemented by the cluster package in R 
(Maechler et al. 2015). Secondary characters received half of the weight of primary characters in 
the calculations. We then used the resulting distance matrix (D) to calculate functional diversity 
within samples as Rao’s Q, 𝐹𝐷 = ∑ ∑ 𝑑𝑖𝑗𝑝𝑖𝑝𝑗
𝑆
𝑗=𝑖+1
𝑆−1
𝑖=1 , where S is the total number of 
morphotypes,  pi and pj are the proportional frequencies of morphotypes i and j in a sample and 
dij is the trait distance between them (Dij) (Botta-Dukát 2005).  
Functional dissimilarity between samples was used to assess differences in community 
composition. Analogous to ordination of communities based on species compositional 
differences, we leveraged the additional information afforded by trait differences between 
morphotypes to ordinate samples in trait-space. First, we extracted eigenvectors from a principal 
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coordinates analysis of D with a correction for negative eigenvalues (Cailliez 1983). This matrix 
of orthogonal vectors, M, locates morphotypes in trait space. Then, locations of samples in this 
same trait space (matrix Y) were calculated by multiplying M and the Hellinger-transformed 
matrix of morphotype frequencies across samples. This transformation removes the effect of 
differences in total abundance across samples so that the resulting community data matrix (Y) 
can be analyzed using ordination methods utilizing Euclidean distance (Legendre & Legendre 
2012). Ordination-based analyses were conducted using functions in the vegan R package 
(Oksanen et al. 2013). 
 
Analysis of community variation across scales 
We used a series of generalized linear mixed effects models to partition variance in 
community metrics (RS, RM, NAVG, and FD) between trees, plots, sites, and ecoregions. For each 
community metric, y, we fit four models, each estimating the variance between samples at a focal 
scale while controlling for variation at the next higher scale. 
Tree-scale model: yijk = βj Treeij + βk Plotik + εijk ,  βj ~ N(0, τtree
2
) and βk ~ N(0, τplot
2
) 
Plot-scale model: yikm = βk Plotik + βm Siteim + εikm ,  βk ~ N(0, τplot
2
) and βm ~ N(0, τsite
2
) 
Site-scale model: yim = βm Siteim + βn Ecoregionin + εim,  βm ~ N(0, τsite
2
) and βn ~ N(0, τreg
2
) 
Region-scale model:  yin = βn Ecoregionin + εin,  βn ~ N(0, τreg
2
) 
In these models, Tree, Plot, Site and Ecoregion were treated as random effects with normally 
distributed variances. Models of RS and RM were estimated with Poisson errors and NAVG and FD 
with Normal errors using the R package lme4 (Bates et al. 2015). Estimated variance explained 
at the focal scale (τfocal
2
) of each model was used to calculate adjusted repeatability as Radj, focal =
𝜏focal
2
𝜎𝜀
2+𝜏focal
2  , where σε
2
 is the residual variance (Nakagawa & Schielzeth 2010). Hence, Radj,focal 
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measures the proportion of total variance in y that can be accounted for by differences between 
groups at the focal scale after first removing variance between groups at the next higher scale. 
Radj,focal is essentially a partial R
2
 statistic that allows a comparison of the proportion of variance 
in y that occurs at difference scales. Models were fit with variance-stabilizing link functions so 
that repeatability statistics could be compared across response variables.  
 After calculating the relative variance in community metrics explained at each scale, we 
assessed the extent to which community variability was associated with environmental 
variability by fitting four additional models that included fixed effects for environmental 
predictors at each scale: 
Tree-scale environment model: yijk = βj Treeij + βk Plotik + β[Sample & Tree Variables] + εijk  
Plot-scale environment model: yikm = βk Plotik + βm Siteim + β[Plot Variables] + εikm  
Site-scale environment model: yim = βm Siteim + βn Ecoregionin + β[Site Variables] + εim 
Region-scale environment model:  yin = βn Ecoregionin + β[Site Variables] + εin 
If the values of Radj,focal calculated from these environment models are equal to Radj,focal in the 
models with only random effects, then variability of y at the focal scale is unrelated to the 
environmental predictors. In contrast, if Radj,focal from the environment model is much lower, then 
the variance in y at the focal scale can largely be attributed to environmental variation at that 
scale. 
 We used the same models and methods to partition variance in sample- and tree-scale 
environmental covariates as well as variance in individual traits across scales. Community-
weighted mean trait values were calculated for each trait in each sample by summing the product 
of morphotype relative frequencies and their trait values. For binary traits this yields the 
proportion of lichens in a sample exhibiting a given trait, while for numeric traits this yields the 
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expected trait value of a randomly selected lichen in a sample. Binary traits were modeled using 
Binomial errors while ordered categorical and numeric traits were log-transformed and modeled 
with Normal errors. Some traits (e.g. ‘Photobiont’) could not be modeled in this way due to 
insufficient variation at some scales. 
 Variance in sample functional composition (matrix Y) was partitioned across scales using 
partial RDA. Analogous to linear models of community metrics and traits, four constrained 
ordinations were performed, each regressing Y on grouping factor at a focal scale, after first 
partialing out variation due to the next higher scale. From each model, the partial R
2
 was used to 
measure variance explained at each scale (Legendre & Legendre 2012). 
 Finally, we used variation partitioning to compare the amount of variation in community 
metrics and functional composition explained by environmental factors measured at the tree and 
sample scales versus environmental factors measured at the plot and site scales (Legendre & 
Legendre 2012). For community metrics, generalized linear models were fit with both sets of 
predictors and variation explained was measured by the likelihood-ratio R
2
 statistic (Nagelkerke 
1991). Variation partitioning for functional composition on the same set of predictors was 
performed by partial RDA with Radj
2
 (Peres-Neto et al. 2006). 
 
Results 
Community variation across scales 
Community metrics and traits exhibited the greatest variation between samples on the 
same tree and between trees in the same plot (Table 2.2, Figure 2.2). Differences between sites in 
the same ecoregion nearly always explained the least amount of variance, except in reproductive 
traits (Table 2.2). Differences between ecoregions explained 14-21% of the variance among 
samples in diversity metrics, but explained only 3-4% of the variance in average frequency or 
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functional composition. Diversity metrics were higher in the mountains than in the piedmont, as 
well as higher in topographically exposed plots relative to sheltered plots in the mountains 
(Figure 2.3). In contrast, average frequency was slightly higher in sheltered plots across both 
regions and higher overall in the mountains (Figure 2.3). Aside from mean attachment and mean 
lobe area, which were both greater in the mountains (Table 2.2, Appendix 2, Figure A2.11 and 
A2.2), ecoregion differences explained little variation in traits among samples (< 10%). In 
general, traits varied more between samples on a single tree and exhibited less spatial structure 
than community metrics. Reproductive effort exhibited greater spatial structure among samples 
than the presence of reproductive structures, with differences between trees explaining 30-44% 
of the variance in mean reproductive effort but only 8-16% of the variance in the proportion of 
the community utilizing a particular reproductive mode. 
  
Community response to environment 
Environmental predictors explained 30 – 49% of the variance in sample-level richness 
and functional diversity, but < 10% of the variance in average frequency and functional 
composition. Across all metrics, environmental variables measured at the sample and tree scales 
explained similar levels of variance as variables measured at the plot and site scales (Figure 2.4). 
Sample-scale environmental variables that had the strongest effects on community metrics 
(bryophyte abundance, bark stability, WHC and pH) exhibited the greatest variation between 
different trees in the same plot and between samples on the same tree and did not differ 
substantially between plots (Appendix 2, Table A2.4 and Figure A2.4). Of the two tree-scale 
variables, DBH had no unique effect on any community-structure metric except average 
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frequency, but light transmittance was an important predictor for all metrics. Light transmittance 
varied between trees, plots, and sites, but not between ecoregions (Appendix 2, Figure A2.4). 
All variation in community metrics between ecoregions could be explained by site-level 
climate variables (elevation, annual precipitation, and cloud frequency seasonality) (Figure 2.2, 
compare heights of hatched and solid bars). In contrast, plot-scale environmental variables (soil 
pH and topographic exposure) explained very little of the variance in community metrics due to 
differences among plots at the same site. Sample- and tree-scale environmental variables 
accounted for about half of the variance in morphospecies and morphotype richness between 
trees in the same plot, but were less able to explain tree-scale variance in average frequency or 
functional diversity. 
 
Discussion 
Epiphyte community assembly 
Diversity and abundance of lichen epiphyte assemblages appears to be primarily 
governed by processes operating at relatively small spatial scales. Lichen assemblages on tree 
trunks in North Carolina forests are characterized by high variability at small scales and 
homogeneity across larger extents. Most variation in the diversity, abundance, and 
morphological structure of lichen assemblages on tree trunks occurs within and between trees 
located in a single forest patch (1000 m
2
). On the other hand, forests separated by hundreds of 
kilometers within the same ecoregion have lichen assemblages with very similar community 
structure. This is consistent with prior research examining species richness and composition in 
epiphytic lichen and bryophyte assemblages across two or more scales. Studies that use tree-, 
stand-, and landscape-scale environmental variables to predict tree-scale variation in epiphyte 
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assemblages generally find that landscape-scale variables have little predictive power relative to 
tree- and stand-scale factors (Johansson, Rydin & Thor 2007; Nascimbene et al. 2012; Mežaka, 
Brūmelis & Piterāns 2012; Kiraly et al. 2013). One explanation is that lichens are not dispersal 
limited at the landscape scale, such that as long as sites with similar continuity and habitat 
characteristics are compared, landscape setting alone will have little effect on diversity in forest 
patches (Gjerde et al. 2015).  
Lichen assemblages on trees did show structured spatial variation across climatically 
distinct ecoregions. Other studies that have surveyed forests across climatic gradients have also 
found that broad-scale environmental variation predicts stand-scale lichen community structure 
(Chapter 1, this dissertation; McCune et al., 1997; Jovan & McCune, 2004; Nascimbene & 
Marini, 2015), but only two have confirmed this effect at the scale of assemblages on individual 
trees (Giordani 2006; Aragon et al. 2012). More interesting is the fact that just a few 
environmental variables accounted for nearly all of the variance in diversity and abundance 
among sites and ecoregions. It implies that the increase in diversity and abundance from the 
piedmont to the mountains is driven by a biogeographic process that coincides with the elevation 
gradient. Probably, the cool and humid conditions at higher elevations in the mountains provide 
more optimal growth conditions for more species, since remaining hydrated is the primary 
constraint on lichen performance (Gauslaa 2014), but we cannot rule out an explanation based on 
differences in regional species pool size. In the mountains there was also more spatially-
structured variation in diversity at a scale of hundreds of meters, since topographic exposure only 
had consistent effects on diversity in this region. 
 In contrast, sample- and tree-scale environmental variables related to substrate quality 
were significant predictors of lichen community structure (Appendix 2, Table A2.4), but 
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explained relatively little of the total variation in community structure metrics that existed 
between samples and trees. This can be interpreted in several ways. The variables measured may 
not reflect the underlying conditions that lichens are responding to, or their response to these 
variables is non-linear or not consistent across sites. The second case is more likely than the first, 
since I measured nearly all tree-scale environmental factors found to be important in past studies. 
Alternatively, it is very likely that there is a large role for stochasticity in the assembly of lichen 
communities at this fine spatial grain. Affeld et al. (2008) suggested that stochastic colonization 
and establishment might explain a similar pattern of high variability in community structure of 
lichen and bryophyte assemblages among branches within trees that could not be accounted for 
by substrate-level environmental covariates.   
 
Utility of taxon-free surveys of lichens 
Most morphological traits assessed in this study are unlikely to provide insight into 
larger-scale community assembly processes because they do not exhibit spatial variation beyond 
the scale of trees within a single forest. Only two traits varied substantially between regions- 
foliose lobe area and attachment. A broader thallus with the capacity to overgrow other bark-
dwelling epiphytes is advantageous when space is limiting and water is not (Armstrong & Welch 
2007), as is the case in the mountains where there is higher lichen abundance and higher 
humidity and rainfall. Thus, attachment height and macrolichen size might be useful traits for 
studying environmental limitation and competitive processes in lichen epiphyte communities. 
Several previous studies have found that the incidence of different growth forms varies along 
environmental gradients (Ellis & Coppins 2006; Lewis & Ellis 2010; Giordani et al. 2012; Koch 
et al. 2013), with foliose lichens generally more frequent under wetter conditions. Attachment 
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height integrates categorical growth forms into a single measure that is potentially more 
responsive to environmental variation.  
Also noteworthy is the fact that even coarse estimates of reproductive effort revealed 
more information than simply recording presence or absence of different reproductive modes. 
Reproduction by asexual thallus fragments (i.e. soredia or isidia) versus sexual spores may 
involve a tradeoff between dispersal distance and establishment success since fungal spores are 
smaller and potentially more mobile than thallus fragments, but must re-lichenize with an algal 
symbiont. Therefore, spatial variation in reproductive mode frequency could reveal the 
importance of colonization processes in lichen community assembly (Hedenås, Bolyukh & 
Jonsson 2003; Ellis & Coppins 2006, 2007; Ellis 2012). Reproductive mode will be most 
informative if researchers estimate the amount of reproductive effort in addition to its presence.  
Community-level studies of binary morphological characters are limited by the ability of 
these traits to express variation. Lichen assemblages on just a few trees can rapidly exhaust the 
trait space found across the entire dataset. Trait-based investigations will be more likely to detect 
ecologically-relevant variation if they focus on traits with more character states that have a 
known functional role (e.g. water-holding capacity, (Gauslaa 2014). Analysis of single traits is 
preferable to exploratory analyses combining multiple traits since variation in unimportant traits 
can overwhelm the signal of a single important trait when functional distances are calculated. 
Multivariate analysis could be useful if the researcher has a reason to suspect that trait 
correlations provide information on fitness tradeoffs, or if the ordination is performed on species 
compositional data and traits are treated as a covariates (Nelson et al. 2015). 
Even though morphological traits may have limited utility for detecting processes 
operating at larger scales, character-based surveys can still provide useful information about 
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spatial variation in lichen diversity when taxon-based surveys are unobtainable. The similar 
spatial structure of morphotype and morphospecies richness imply that anyone trained to 
recognize a set of morphological characteristics can conduct a survey in which the number of 
unique trait combinations observed (i.e. RM) is interchangeable with the number of species 
counted by a specialist in the field (i.e. RS). Trait-based surveys are a standardized way for non-
specialists to estimate lichen richness and avoid systematically over- or underestimating 
diversity. However, there are two limitations in using morphotype richness as a proxy for lichen 
diversity. First, this method will progressively underestimate diversity as sample grain increases 
because multiple species will be scored the same. It is most appropriately used up to the scale of 
a single tree trunk and would not be useful as an indicator of plot-level diversity. Second, 
morphotype richness does not integrate information on species identities, which is critical if 
research outcomes are used to inform management for rare or evolutionarily unique species.  
 
Future directions 
Examining community variability across hierarchical levels of sampling is a simple and 
broadly applicable method for elucidating how processes operating at different spatial scales 
structure communities (Noda 2004). Basing inference on the variance occurring at each level 
rather than the variance accounted for by environmental predictors avoids bias that arises from 
variable selection. Had I only interpreted the variance explained by environmental predictors, I 
would have concluded that both fine-scale and broad-scale processes are equally important in 
structuring lichen epiphyte communities. The two-step estimation of overall variance and that 
which could be accounted for by environmental predictors at each level showed that fine-scale 
environmental predictors fall short of capturing all of the community variance that occurs at this 
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scale. More importantly, this hierarchical approach is directly comparable across study systems, 
provided that researchers choose sampling levels to match the scales that are biologically 
relevant for their particular system (Levin 1992). From freshwater macroinvertebrates (Weigel et 
al. 2003) to arboreal beetles (Gering, Crist & Veech 2003) to coral reefs (Williams et al. 2015), 
ecologists have surveyed hierarchical spatial variation in a wide variety of species assemblages 
across the globe. Aggregation and analytical comparison of these studies would be a substantial 
step in the development and testing of general theory predicting which systems are dominated by 
local processes and under what contexts regional processes take on a stronger role. 
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Table 2.1- Descriptions of morphological traits 
Variable types used in the calculation of Gower dissimilarity coefficients are listed under ‘Type’. 
Primary traits without dependencies on other traits were measured on all lichens. Secondary 
traits were only measured for lichens with the requisite character state (listed here under 
‘Dependency’). 
Name Description Type Dependency 
Photobiont Type of photosynthesizing symbiont 
(green algae or cyanobacteria) 
Symmetric binary  
Attachment Degree of attachment to bark Ordered 
(0 = embedded : 6 = pendant) 
 
Growth form General mode of growth: foliose, 
fruticose, crustose, squamulose 
Categorical  
Lobe shape Curvature of foliose lobes. Ordered 
(convex, flat, concave) 
Foliose lichens 
Lobe area Lobe width x lobe length Continuous Foliose lichens 
Lobe dissection Lobe width / lobe length Continuous Foliose lichens 
Cilia Presence of cilia along lobe margin Asymmetric binary Foliose lichens 
Rhizines Presence of rhizines on lower 
surface 
Asymmetric binary Foliose lichens 
Crust form Type of crustose growth form Categorical Crustose lichens 
Pseduocyphellae Presence of pseudocyphellae-like 
pores in cortex 
Asymmetric binary  
Maculae Presence of maculae-like cracks in 
cortex 
Asymmetric binary  
Ascomata Presence of sexual reproductive 
structures 
Asymmetric binary  
Ascomata form Type of ascomata Categorical  
Ascomata 
exposure 
Whether ascomata are mostly 
enclosed by thallus tissue. (e.g. 
perithecial or pertusariod) 
Symmetric binary 
(0: enclosed, 1: exposed) 
Lichens with 
ascomata 
Sexual effort Ascoma width / (distance between 
ascomata + ascoma width) 
Continuous Lichens with 
ascomata 
Asexual Presence of asexual propagules Asymmetric binary  
Asexual effort Abundance of asexual propagules 
relative to lichen size 
Ordered 
(few, several, many, covered) 
Lichens with 
asexual 
reproduction 
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Table 2.2- Variance in sample-level trait values across scales 
Values in the table are the estimated repeatability (% variance) of sample-mean trait values at the 
scale indicated by the column heading after controlling for variation among samples at the next 
higher level. For example, 13.5% of the variance in the proportion lichens in a sample that are 
foliose occurs between trees in the same plot, whereas 6.7% occurs between samples that are in 
different plots within the same site. Binary traits were modeled as the proportion of the sample 
exhibiting the trait using linear models with binomial errors (‘Type’). Ordered and numeric traits 
were averaged within a sample and modeled with Gaussian errors. Traits are grouped by whether 
they reflect growth form, reproduction, or morphological structures (‘Category’). Scales 
explaining at least 25% of the variation in a particular trait are highlighted in bold. 
Trait Tree Plot Site Ecoregion Type Category 
Prop. crustose 0.001 0.008 0.002 0.007 Binomial form 
Prop. foliose 0.135 0.067 0.026 0.032 Binomial form 
Prop. fruticose 0.080 0.008 0.002 - Binomial form 
Mean attachment 0.521 0.117 0.084 0.418 Gaussian form 
Mean lobe area 0.265 0.152 0.077 0.132 Gaussian form 
Mean lobe dissection 0.124 0.023 0.034 0.062 Gaussian form 
Prop. cilia 0.217 0.074 0.035 - Binomial structures 
Prop. ascomata 0.165 0.016 0.028 0.034 Binomial reproduction 
Prop. asexual 0.088 0.013 0.021 0.025 Binomial reproduction 
Mean sexual effort 0.303 0.009 0.091 0.032 Gaussian reproduction 
Mean asexual effort 0.441 0.072 0.045 0.018 Gaussian reproduction 
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Figure 2.1- Nested survey design 
The figure is divided into the five levels used to analyze spatial variation: region, site, plot, tree, 
and sample, with the number of units at each level indicated in parentheses. A) Nine sites were 
selected along an elevation gradient spanning the Piedmont (P) and Blue Ridge Mountains (M) 
ecoregions. Map shows site locations and elevation. Sites are labeled according to ecoregion. 
State abbreviations are North Carolina (NC), South Carolina (SC) Georgia(GA), and Tennessee 
(TN). B) Each site consisted of two plots in exposed and sheltered topographic positions. C) 
Each plot consisted of 10, 10x10m subplots used to spatially stratify the selection of trees. The 
table shows the targeted size distribution for selecting forty trees to sample. D) Two samples 
quadrats were sampled on opposite sides of each tree. E) In each sample, the frequency of each 
distinguishable lichen species was recorded as the number of 3x3cm subqudrats it occurred in. 
For example, the frequencies of L1 and L2 are 6 and 3, respectively. 
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Figure 2.2- Variation in community structure across scales 
The height of each colored bar shows the estimated repeatability (% variance) of each measure 
of community structure between samples at the scale indicated by the bar’s color after 
controlling for variation among samples at the next higher level. Black bars show residual 
variance in the tree-scale models (1- Radj, tree) and can be interpreted as the proportion of 
community variance that occurs at the sample-scale within trees. Overlayed striped bars show the 
variance that remains after environmental covariates at that scale have been controlled for. For 
example, the dark grey bar for RS shows that about 30% of the variance in morphospecies 
richness between sample quadrats within the same plot occurs between different trees, but that 
tree- and sample-scale environmental covariates can only account for half of this variation 
among trees. Abbreviations for community structure metrics are: morphospecies richness (RS), 
morphotype richness (RM), average frequency (NAVG), functional diversity (FD) and functional 
composition (FC). 
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Figure 2.3- Distribution of (A) average frequency, (B) morphotype richness and (C) 
functional diversity across plots 
Sites are labeled according to Figure 1 and are ordered by elevation, with piedmont plots to the 
left (P) and mountain plots to the right (M). M4 occurs in a disjunction of the Blue Ridge 
Mountains ecoregion and could have floristic similarities with both regions. Shading indicates 
topographic position (white: exposed, grey: sheltered). Horizontal lines show the means for 
ecoregion-level means separated by plot topographic position, with grey lines showing the means 
for exposed plots and black lines showing the means for sheltered plots. For all three metrics 
there is a significant interaction between region and topographic position (P-values are for a 
likelihood ratio test). Abbreviations for community metrics follow Figure 2.2. 
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Figure 2.4- Variation in community structure explained by environmental variables 
Bars show the variance in sample-scale community structure metrics that can uniquely explained 
by sample- and tree-scale environmental variables (white bars) or by variables measured at the 
plot or site scale (dark grey bars). Light grey bars show variance that can be explained by both 
sets of environmental variables. Abbreviations for community structure metrics follow Figure 
2.2. 
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CHAPTER 3: DETECTION OF ASSEMBLY PROCESSES IN OBLIGATE MUTUALIST 
COMMUNITIES USING MORPHOLOGICAL TRAITS 
 
Introduction
The formation of single trophic level communities can be viewed as a function of a few 
general process-based filters that probabilistically select a subset of species to colonize and 
persist in a site from a regional pool of potential colonists (Cornell & Harrison 2014; Kraft et al. 
2015; Lessard et al. 2016). Dispersal rates affect the probability that different species will arrive 
at a site. Upon arrival, species will only establish if they can tolerate the abiotic environment and 
subsequently invade and compete for sufficient resources under current environmental 
conditions. Periodic disturbances may stochastically reduce abundances so that a species will 
only continue to persist if it can re-establish or re-colonize within the context of a given 
disturbance regime. Identifying how these four processes (dispersal limitation, environmental 
filtering, competition, and disturbance) affect the diversity, abundance, and composition of 
species assemblages has been a major focus for community ecologists (Weiher et al. 2011).  
The ambiguity of inferring the influence of these processes from patterns of diversity and 
abundance (Chave, Muller-Landau & Levin 2002; Bell 2005; Volkov et al. 2005) has motivated 
approaches that use organismal traits to test more specific predictions about how assembly 
processes structure communities (McGill et al. 2006). Dispersal limitation, competition, 
environmental filtering, and disturbance each favor the establishment and survival of some 
species over others. The premise of the trait-based approach is that 1) these processes will favor 
the establishment and survival of some species with a particular phenotype over others with a 
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different phenotype, 2) theory can predict which phenotypes will be favored, and 3) trait 
distribution patterns that are consistent with these predictions indicate that a particular process 
impacts community structure. Specific predictions for how community trait values will shift 
along environmental gradients arise by considering how a given process will filter the 
performance of individuals as function of the interaction between their physical traits and the 
environment (Webb et al. 2010). A well-known example comes from Grime (1977), who 
predicted that the severity of stress, disturbance, or competition in a habitat selects for different 
plant functional strategies, each with a characteristic set of traits. Webb’s (2010) ‘performance 
filter’ framework is a general way to investigate different assembly processes through trait-
environment relationships. The application of these ideas beyond plant communities to a diverse 
range of taxa and systems could substantially improve our understanding of the generality of 
assembly theory.  
Lichen epiphytes are a model system in which to use the performance filter framework to 
study the assembly of mutualist communities because they are a composite organism comprised 
primarily of an obligate mutualism between a fungus and photosynthetic alga or cyanobacteria.  
Assembly processes in mutualist communities act on the biology of at least two different 
organisms, so each process must be considered with respect to the traits and limitations of each 
partner. In composite organisms it is useful to consider the effect of assembly processes from the 
perspective of one partner, usually the ‘host’ for which the composite species is named (in 
lichens, this is the fungus). The other partner is then termed the ‘symbiont’ (in lichens, the 
photosynthesizing alga or cyanobacteria). For lichens, the only stage during which partners are 
apart is as a propagule; thus, dispersal is the process where host and symbiont are most likely to 
experience different filters. However, for other mutualisms that are not so closely associated, 
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each organism may experience a unique set of competitive, environmental or disturbance-based 
pressures (Prinzing et al. 2007). Dispersal-related filtering of host presence in communities can 
occur either as a direct result of host transit (classic ‘dispersal limitation’) or indirectly when 
limited dispersal of the symbiont prevents hosts from establishing (Richardson et al. 2000). 
Establishment limitation should be more prevalent when symbionts are rare relative to hosts and 
should favor host species that co-disperse with their symbionts or have low symbiont specificity. 
Dispersal limitation should primarily be influenced by properties of the propagules that disperse 
the host (e.g., for sessile species, propagule size and dispersal agent).  
Trait-based approaches to studying lichen community assembly have been gradually 
developing (Lewis & Ellis 2010; Rapai et al. 2012; Giordani et al. 2012; Koch et al. 2013; 
Spickerman 2015; Nascimbene & Marini 2015; Nelson et al. 2015). A robust literature on lichen 
physiology and the effects of abiotic factors on photosynthesis and growth provides a strong 
basis for predicting functional traits that should reflect abiotic constraints (Palmqvist et al. 2008). 
Water is a primary limiting factor for lichen performance and its scarcity should select a 
functional strategy that optimizes water acquisition or retention, depending on environmental 
water source (e.g. humid air vs dew or rain) (Gauslaa 2014). Space is the key resource for which 
lichens compete by overgrowing one another. Resource-based competition theory would predict 
that, all else being equal, an ability to overtop and usurp space taken by neighbors should be 
favored in dense communities, which has been observed in a few studies of lichen competition 
(Armstrong & Welch 2007). Rapid regeneration potential conferred by co-dispersed symbionts 
should be favored on unstable substrates experiencing frequent partial disturbance (Bellingham 
& Sparrow 2000), although few studies have examined the relationship between disturbance 
frequency and regeneration strategy in lichens (Pastore et al. 2014). Dispersal processes have 
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received more attention, but have been difficult to investigate directly. Studies using a variety of 
observational approaches have proposed that lichens producing smaller, sexually-produced 
fungal spores are the first to reach new substrates, but lichens that co-disperse their fungus and 
alga in asexually produced propagules establish and spread more rapidly within a local patch 
(Hedenas & Ericson 2000; Hedenås et al. 2003; Stofer et al. 2006; Löbel, Snäll & Rydin 2006; 
Johansson et al. 2007). Using the framework proposed above for dispersal processes in mutualist 
communities, we would hypothesize that dispersal limitation selects for sexual reproduction 
(small propagules), while establishment limitation selects for asexual propagules with both the 
host and symbiont. 
Combining ecological theory with a knowledge of basic lichen biology enables relatively 
straightforward prediction of how different processes will favor different functional capacities 
(e.g. water absorption/evaporation rates, growth rate, dispersal kernel) (summarized in Table 
3.1), but it is not well established how these functions can be measured by a set of easily 
observed morphological traits of the sort needed for extensive community surveys. Furthermore, 
measured traits can be influenced by multiple co-occurring processes and inference from patterns 
of trait variation are strengthened by evaluating alternative predictions based on the actions of 
multiple processes (Westoby & Wright 2006; Cornwell & Ackerly 2009; Spasojevic & Suding 
2012). The goal of this research is to assess the utility of morphological traits for jointly studying 
multiple processes affecting the formation of lichen epiphyte assemblages. I develop predictions 
for how performance filters imposed by dispersal and establishment limitation, environmental 
filtering, competition, and disturbance should create correlations between lichen functional 
strategies and environmental gradients (Table 3.1). I then evaluate a series of hypotheses (Table 
3.2) that test whether a set of basic morphological traits exhibit variation that is consistent with 
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these predictions for lichen assemblages on tree trunks in temperate forests in two southeastern 
U.S. ecoregions. 
 
Methods 
Data collection 
This study was conducted at nine forested sites across the Piedmont and Blue Ridge 
Mountains ecoregions (US EPA 2010) in North Carolina (USA) during the summers of 2012-
2014. Sites and survey methods are described in detail in Chapter 2. Each site was located in a 
closed-canopy temperate deciduous forest and consisted of two 20 x 50 m plots. One plot was set 
up on a topographically convex exposed ridge or slope and the other in a nearby sheltered 
concave depression adjacent to a permanent or temporary water source. In each plot, forty trees 
were randomly selected to be representative of the species and size classes present. On each tree 
I recorded lichens at 1.5 m above the ground within two 9 x 9 cm quadrats placed on opposite 
sides of the trunk starting from a randomly chosen compass direction. The frequency of each 
distinguishable species (hereafter, ‘morphospecies’) was estimated by its presence in nine 3 x 3 
cm subquadrats (values ranged 1-9). Total lichen frequency (NTOT) was calculated as the sum of 
frequencies for all morphospecies and used as a measure of lichen abundance. I scored each 
morphospecies for seventeen traits measuring morphological form and structures, reproductive 
mode and effort, and type of photosynthetic symbiont (see Chapter 2). Of these traits, the 
following were used to test community assembly process hypotheses: growth form (crustose, 
foliose, fruticose, squamulose), level of attachment to the substrate (‘attachment’: embedded to 
pendulous, in 6 levels), lobe dissection (ratio of lobe width:length), presence of cilia (marginal 
hair-like structures on foliose thalli), and presence or absence of fungal ascomata (‘sexual 
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reproduction’) or vegetative propagules including both algal and fungal tissue (‘asexual 
reproduction’). Observed lichens may exhibit none, one, or both of these reproductive modes. 
Environmental variables were measured at the sample, tree, plot, and site scales. 
Measurement of sample-level bark variables was based on Ellis & Coppins (2007). In each 
sample quadrat I categorize bark stability (five levels), measured bark furrow depth, estimated 
bryophyte cover and collected a piece of bark. Bark samples were cleaned of debris, dried at 
40°C and weighed, then soaked overnight in deionized water and re-weighed. Bark pH was 
measured using a pH probe on the water in which they were soaked. Bark water holding capacity 
(WHC) was calculated as the difference in wet and oven-dry weight divided by dry weight. Tree-
scale environmental variables included diameter at breast height (DBH) as a proxy for tree age, 
and light transmittance calculated from hemispherical canopy photos (see Chapter 2 for details). 
Topographic exposure of plots was quantified using a topographic openness metric (Yokoyama 
et al. 2002) calculated from a 1/9 arc-sec digital elevation model (USGS 2015). Elevation and 
site-scale climate variables were derived by intersecting plot geographic coordinates with the 
digital elevation model and climate maps. These included mean daily maximum vapor pressure 
deficit (VPD) over a 30-year window (PRISM Climate Group 2015) and long-term mean cloud 
frequency derived from MODIS cloud layer rasters (Wilson & Jetz In press). VPD is the 
difference between the water vapor pressure in fully saturated air and the actual vapor pressure 
and is a measure of humidity. 
 
Evaluation of hypotheses  
I used generalized linear models (GLMs) to evaluate trait-environment relationships 
predicted from different community assembly processes (Table 3.2). Models were fit to sample-
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level trait values, which were calculated as either the frequency-weighted proportion of 
morphospecies in the sample exhibiting a trait (for binary traits) or as the frequency-weighted 
mean trait value among all morphospecies in the sample (for ordered or numeric traits). In all 
calculations, ordered categorical variables (attachment and bryophyte cover) were treated as 
integers. Numeric sample-level mean traits (attachment and lobe dissection) were log-
transformed before inclusion in models to account for their strict positivity and observed 
heteroscedasticity. Bark water-holding capacity was also log-transformed before inclusion as a 
model predictor variable to decrease its skew. All models were fit with maximum likelihood in R 
(R Core Team 2014) with binomial errors for binary traits and Gaussian errors for numeric traits. 
Linear mixed models were fit with functions in the lme4 package (Bates et al. 2015). 
To test for the effects of environmental filtering via water-limitation (hypotheses H1 and 
H2, Table 2) traits related to morphological form and water-relations (growth form, attachment, 
lobe dissection, presence of cilia) were regressed on environmental variables measuring water 
availability at the sample level (bark WHC and bryophyte cover) or at larger scales (topographic 
openness, cloud frequency and VPD). Both bark WHC and bryophyte cover have previously 
been linked to water availability (Billings & Drew 1938; Gough 1975). Because sample-level 
moisture availability was predicted to have a stronger effect on lichen communities at drier sites 
(H2), I tested for interactions between each pair of sample- and larger-scale environmental 
variables. In total, six models were fit for each trait. 
Competitive filters were predicted to favor taller lichens that can overgrow other 
epiphytes (H3). I tested whether these traits were more frequent in samples with higher lichen 
and bryophyte abundance by fitting linear mixed models of the proportion of lichens in a sample 
exhibiting a crustose growth form and sample-mean attachment as a function of NTOT or 
  
74 
 
bryophyte abundance. Models included a random effect of plot to control for trait variation 
arising from larger-scale processes. A positive relationship between bryophyte abundance and 
attachment could be interpreted as evidence for competitive filters selecting faster-growing, taller 
lichens, or as water-limitation favoring shorter, more compact lichens. To distinguish between 
these processes, I evaluated whether trait variability within samples was more constrained (less 
variable) where bryophyte abundance was higher or lower. Trait convergence under low 
bryophyte abundance would suggest that low water-availability constrains community functional 
structure and is driving the observed trait shift, while convergence in samples with high 
bryophyte abundance implies that the competitive filter drives the pattern. Within-sample trait 
variability was measured as the frequency-weighted mean pair-wise trait distance between 
lichens in a sample: ∑ ∑ 𝑝𝑖𝑝𝑗𝑑𝑖𝑗
𝑆
𝑗=𝑖+1 
𝑆−1
𝑖=1 , where S is the number of morphospecies in the 
sample, pi is the proportion of total frequency accounted for by the i
th
 morphospecies and dij is 
the trait difference between morphospecies i and j. I compared this observed within-sample trait 
diversity to a null distribution of trait diversity in which trait values had been randomly permuted 
among lichens across the entire data set (i.e., morphospecies diversity and abundance remain the 
same within a sample). Similar null models were applied to test for trait convergence in all 
observed trait-environment correlations because strong trait convergence indicates that a process-
filter is having a strong effect (Ricotta & Moretti 2011). 
 Predicted effects of disturbance (H4) and dispersal limitation (H5) were evaluated by 
modeling the proportion of lichens in a sample exhibiting sexual versus asexual reproduction as a 
linear function of bark stability (H4) or tree diameter (H5). I only test dispersal limitation at the 
establishment phase, since trees were sampled in closed-canopy forests where dispersal 
limitation due to distance-based isolation is likely unimportant. Models included light 
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transmittance, topographic openness, and elevation as covariates to control for environmental 
differences among trees and plots. To remove effects of other potentially covarying bark 
properties, I fit a second set of models that included bark furrow depth, pH, bryophyte cover, and 
tree diameter or bark stability as covariates. Dispersal limitation is also predicted to lead to 
increasing lichen abundance as a tree ages (H6). To test this I fit a GLM of NTOT as a function of 
tree DBH with Poisson errors, and sample and tree-level environmental variables, topographic 
openness and elevation as covariates. I also tested whether abundance-tree size relationships 
differed among host trees species by including a random effect of tree species on the effect of 
DBH for a subset of the data containing only tree species sampled at least ten times (fit with 
lme4 package in R, Bates et al. 2015). Separate models were also fit for each tree species, but 
without environmental covariates. 
  
Results 
Growth form, level of substrate attachment, and lobe dissection primarily responded to 
site-level differences in cloud frequency and VPD (Table 3), with drier sites containing lichen 
assemblages with lower height profiles (i.e. lower ‘attachment’), higher ratios of lobe 
width:length (i.e. lobe dissection), a higher proportion of crustose and lower proportion of 
fruticose lichens. Wetter substrates (indicated by greater bryophyte cover) had lichen 
assemblages with higher height profiles and a lower proportion of crustose and fruticose lichens. 
There was a negative interaction between the effects of bryophyte cover and cloud frequency on 
attachment, as well as positive interactions between bryophyte cover and VPD and topographic 
openness (Table 3.3). This means that the attachment height increased more quickly with 
increasing bryophyte cover in drier and more exposed plots (Figure 3.1). However, within-
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sample variability (i.e., ‘diversity’) of attachment, lobe dissection and growth form were not 
consistently lower than expected from a randomization-based null model in drier samples or sites 
(Appendix 3, Figures A3.1, A3.2 and A3.3). The presence of cilia on foliose lichens was not 
related to any environmental variable measuring water availability. Topographic exposure and 
bark WHC accounted for very little trait variation among samples. 
 Mixed-effects models estimated that mean attachment height increased and the 
proportion of crustose lichens decreased with increasing epiphyte abundance of both lichens 
(NTOT) and bryophytes (in all models, P <0.001 for likelihood ratio test), although effects were 
generally small and residual variance high (Figure 3.2). Random slope effects among different 
plots were supported for models of attachment (likelihood ratio test, NTOT: P = 0.044, bryophyte 
cover: P = 0.0003), but not for crustose lichen proportion. Despite this variability among plots, 
the effect of epiphyte abundance on attachment was estimated to be positive in nearly all plots. 
There was no evidence that attachment or growth form were overly constrained in samples with 
high epiphyte abundance, since within-sample variability was not consistently lower than 
expected from a null-model (Appendix 3, Figures A3.1 and A3.2).  
 The proportion of lichens in a sample exhibiting asexual reproduction increased and the 
proportion exhibiting sexual reproduction decreased on less stable bark, even after accounting 
for other covarying bark factors (Figure 3.3A). However, comparisons with expected proportions 
from null-models showed no evidence that reproductive traits were constrained in samples with 
unstable bark (Appendix 3, Figure A3.4). Contrary to expectations, the proportion of lichens 
exhibiting sexual reproduction decreased with increasing tree diameter (Figure 3.3B), as did total 
lichen frequency (P <0.001, likelihood ratio test in model with all covariates). Models predicted 
that as trees age communities decrease in overall abundance and become dominated by asexually 
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reproducing lichens (Figure 3.4). Mixed-effects models of NTOT including a random effects tree 
species found that lichen abundance – tree age relationships differ among tree species (random 
slopes supported, P<0.001). When models were fit for each species separately, NTOT increased 
with DBH on 7 tree species (Fagus grandifolia, Ilex opaca, Juniperus virginiana, Oxydendron 
arboreum, Prunus serotina, Ulmus rubra) and decreased on 19 tree species (Appendix 3, Figure 
A3.5). 
 
Discussion 
Observed trait-environment relationships were consistent with small functional shifts in 
response to water-availability, competition, and disturbance, but a lack of trait convergence 
implies that these processes do not impose strong constraints on community functional structure. 
This lack of convergence also makes it difficult to determine the cause of observed trait 
variation. Shifts in growth form and level of attachment along moisture gradients could be 
interpreted as a functional response to water limitation or to covarying competitive pressures, 
since epiphyte abundance also increases with water availability. In the first case we would expect 
narrower trait ranges within water-limited assemblages, while in the second we would expect 
narrower ranges in samples with high epiphyte abundance. Neither were observed. The 
interactive effect of sample- and site-scale water availability lends more support to an 
environmental explanation; there is no reason to expect that the competitive pressure imposed by 
greater bryophyte cover will be weaker in humid plots. Prior literature also supports the 
importance of water resources for morphological structure (Larson 1987; Gauslaa 2014) and 
places less emphasis on competition shaping lichen traits (Harris 1996). 
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The fact that single traits can mediate multiple processes is a limitation of trait-based 
observational approaches for disentangling underlying drivers of community assembly. Yet, in 
systems where organisms recruit and grow slowly, experimental manipulations of communities 
are less feasible (Pastore et al. 2014). If the goal is to identify which processes are affecting 
communities by observing trait variation, then it is critical to either choose traits that distinguish 
between the processes of interest or to examine trait variation along orthogonal environmental 
axes. The morphological traits studied here are insufficient to distinguish water-limitation from 
competitive constraints in this habitat because both processes could affect the measured traits, 
and because water availability strongly covaries with competitive pressure. Examination of 
functional traits related to growth and resource use, such as nutrient ratios or net rates of carbon 
assimilation under humid conditions (Lange, Green & Heber 2001; Palmqvist et al. 2002), might 
give more insight into whether competitive filters are actually favoring individuals with rapid 
growth strategies when water is abundant. Alternatively, it may be more productive to recognize 
that competition and environmental conditions will be intrinsically linked in this system and 
focus instead on predicting and testing how these covarying process gradients could jointly affect 
species diversity, nutrient cycling or community resilience. 
Interpreting variation in reproductive mode is more straightforward. The increasing 
proportion of asexual lichens on less stable bark indicates that substrate disturbance affects 
lichen community dynamics and functional structure, favoring lichens that can rapidly 
reestablish through vegetative propagules. This pattern remains after controlling for tree size and 
other bark properties and it is difficult to propose another causal explanation. Other authors have 
proposed that fewer species persist on unstable bark (Jesberger & Sheard 1973; Gough 1975; 
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Cáceres, Lücking & Rambold 2007), but have not noted a systematic difference in reproductive 
mode linked to bark stability.  
In contrast, there was no evidence that lichen assemblages on tree trunks were 
functionally constrained by dispersal limitation. Both sexually and asexually reproducing lichens 
were equally abundant on small trees and as trees grew larger communities became dominated 
by asexual lichens. If reproductively-mediated dispersal limitation occurs, it will be on trees 
smaller than 3 cm in diameter, which was the lower size limit of stems sampled in this study. 
Otherwise, it appears that sexually reproducing lichens are not categorically limited by the need 
to find symbiont partners. While it is certainly possible that individual species are establishment-
limited if their preferred mutualists are rare, these results are consistent with at least one other 
study finding that environmental filtering was more important than dispersal limitation in 
determining lichen epiphyte distributions on forest trees (Schei et al. 2012). 
Other studies have interpreted shifts from sexually to asexually reproducing lichens on 
older trees as evidence for dispersal limitation mediated by propagule size (Ellis & Ellis 2013), 
but the observed equal abundance of sexual and asexual lichens on young trees precludes this 
explanation here. (Ellis & Coppins 2007) suggest that this shift in dominant reproductive mode 
results from succession driven by competition with increasingly abundant macrolichens and 
bryophytes since vegetative propagules can quickly establish in small microsites. Although 
bryophyte cover increased with tree diameter in most plots, the proportion of foliose lichens 
generally decreased and the proportion of crustose lichens was unrelated to tree diameter 
(Appendix 3, Figure A3.6). This, combined with the weak evidence for competitive filters on 
traits makes it unlikely that the successional trend observed here is due to increased competition 
for space. Furthermore, total lichen frequency generally declined with tree size. What might 
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cause this decline in abundance and domination of asexual lichens on the largest trees? Either 
some factor differentially affects the survival of sexual lichens over asexual lichens, or both 
types are experiencing equal rates of mortality, but the asexual lichens have more rapid 
regeneration and thus exhibit slower net declines. The second explanation seems more probable, 
since it is difficult to imagine an external factor that would categorically cause greater mortality 
in sexually reproducing lichens and I know of no study showing that sexual lichens senesce at 
younger ages. Lichens produce many secondary compounds that are likely deter herbivores and 
defend against microbes (Lawrey 1986) and it is possible that pathogen accumulation on older 
substrates is driving the overall decline in lichen abundance. If this were so, we would predict 
higher prevalence and concentration of antimicrobial or antifungal compounds in older 
assemblages, but this has not been found (Lawrey 1991). 
The goal of this research was to assess the feasibility of using easily observed 
morphological traits to identify processes structuring lichen epiphyte assemblages by evaluating 
hypothesized trait-environmental relationships. The overall weak or non-existent relationships 
that I observed indicate that for lichens there are limitations to an approach relying on 
morphological traits. For one, this approach cannot detect processes impacting species 
composition that do not have consistent effects on traits. Dispersal limitation may confine rare 
species to older forests and trees (Nascimbene et al. 2008), but there is no trait that distinguishes 
commonness and rarity except a species’ name and its abundance. Even when processes are 
expected to affect trait distributions, these predicted trait-environment relationships do not alone 
constitute strong evidence. Lack of pattern rarely falsifies the hypothesis predicting it because 1) 
traits may not function in the way that is expected and 2) environmental covariates may not 
correspond to their intended conditions. For example, the observed lack of a correlation between 
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the water-availability and frequency of cilia on foliose lichens does not prove that water-
limitation is unimportant. More likely, cilia do not affect a lichen’s ability to absorb and retain 
water in these habitats. Likewise, trait relationships with bark water-holding capacity were 
opposite of those expected, probably because bark that can hold more water does not necessarily 
increase the water accessible to non-crustose lichens. Instead, denser bark might increase 
stemflow and water available after rain. It is difficult to know beforehand which traits and 
environmental measures will be useful. Careful review of previous research can aid in trait and 
environmental variable selection (McGill et al. 2006), as can experiments that assess the effect of 
manipulated processes on trait distributions (Weiher et al. 2011), but the best policy is to test 
multiple predictions and interpret the resulting evidence in aggregate (Lefcheck, Bastazini & 
Griffin 2015). 
Clearly there are limitations to using lichen morphological traits as indicators of 
community assembly processes, but weak trait-environment relationships and a lack of trait 
convergence could also be interpreted as strong role for stochasticity in this system. Epiphyte 
communities on tree trunks are essentially a metacommunity in which habitat patches (sampled 
quadrats) are colonized by the pool of species residing in canopy and trunks of the surrounding  
“mainland” forest (Leibold et al. 2004). Because communities are small (9 x 9 cm quadrat) and 
rates of patch turnover are commensurate with the lifespan of colonists (both due to bark 
exfoliation and tree mortality), it would not be surprising if the aggregate pattern of trait 
variation among samples were more strongly influenced by stochastic drift and dispersal than the 
selective process filters evaluated here (Vellend et al. 2014). Functional community structure 
may be more predictable at a larger spatial grain that averages out fine-scale variability (Levin 
1992). This study and prior chapters have found that larger-scale environmental factors are better 
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predictors of fine-scale community traits, implying that patterns of trait variation across larger 
extents are more likely to be shaped by deterministic processes. 
This research is unique among lichen studies because it explicitly and concurrently tests 
for evidence of environmental filtering, competition, disturbance filters, and establishment 
limitation- an endeavor that would not be possible without considering the functional differences 
among species or individuals. Thus, I do not advocate abandoning this trait-based approach for 
lichens until it has been evaluated more broadly. Future research may benefit by trading the 
convenience of morphological characters for traits that are more time-consuming to measure, but 
have a clearer functional role (Violle et al. 2007). Hypothesis-driven examination of variation in 
multiple traits along environmental gradients is a potentially powerful way to illuminate how 
multiple processes influence community assembly, but this approach has yet to be fully utilized 
in the wide variety of systems where it could be applied (Weiher et al. 2011). Quantifying 
variation in traits related to different aspects of community assembly has successfully 
disentangled co-occurring processes in a variety of plant communities (Weiher, Clarke & Keddy 
1998; Cornwell & Ackerly 2009; Spasojevic & Suding 2012; Wellstein et al. 2014). However, 
most trait-based frameworks for understanding community assembly focus on parsing the 
processes that drive trait convergence from those causing trait divergence (Weiher & Keddy 
1995; Pillar et al. 2009; van der Plas et al. 2015). The research approach demonstrated here can 
identify specific assembly mechanisms because basic ecological principles are used to generate 
explicit predictions for the traits and environmental gradients of the focal system. However, 
specific predictions do not sacrifice generality. Theory-based hypotheses create conceptual 
consistency, which facilitates comparison among biologically disparate organisms and synthesis 
across ecological systems. 
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Table 3.1- Processes that structure epiphyte communities and their hypothesized functional 
constraints on lichens 
Each process is listed with the environmental gradient hypothesized to most strongly influence it: 
water availability is a primary physiological constraint on lichen epiphytes; competition intensity 
increases with the surface area covered by epiphytes; disturbance results from bark instability; 
host propagule arrival rates are determined by tree isolation; older trees provide more time for 
establishment when symbionts are limited. 
Process Environment Functional Constraint 
Environmental Filtering Water availability Water acquisition/retention 
Competition Epiphyte abundance Overgrowth potential 
Disturbance Bark stability Vegetative reproduction 
Host Dispersal Limitation  Tree/surface isolation Propagule size 
Symbiont Dispersal Limitation Tree/surface age Co-dispersal 
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Table 3.2- Trait-environment relationship hypotheses and an evaluation of supporting 
evidence from this study 
Process Hypothesis Support (this study) 
Environmental Filtering H1)  Lichens will have traits that increase 
water retention (lower height profile, 
compact thallus, cilia) on bark that 
holds less water, on drier surfaces, 
and in drier sites. 
Partially supported. Lower 
height, more compact and 
crustose growth forms found in 
drier sites and in samples with 
fewer bryophytes, but trait-
environment associations were 
weak. 
H2)  Trait-substrate environment 
relationships will be more 
pronounced at drier sites. 
Partially supported. Negative 
relationship between lichen 
height and bryophyte cover was 
more pronounced at drier sites. 
Competition 
 
H3)  Lichens in assemblages where 
epiphyte abundance is high will 
have traits that allow them to 
overgrow neighbors (higher height 
profile, foliose/fruticose growth 
form). 
Partially supported. Lichen 
height increased and prevalence 
of crustose growth form declined 
with increasing lichen 
abundance and bryophyte cover. 
Disturbance H4)  Assemblages on less stable bark 
will exhibit a higher frequency of 
asexual reproduction. 
Supported. 
Symbiont Dispersal 
Limitation 
 
H5)  Assemblages on younger trees will 
exhibit a higher frequency of 
asexual reproduction 
Not supported. Larger trees 
had proportionally more 
asexually reproducing lichens. 
Host or Symbiont 
Dispersal Limitation 
H6)  Trees will accumulate lichens with 
age. 
Not supported. Total lichen 
abundance declined with tree 
size, except on a few tree 
species. 
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Table 3.3- Effects of water-availability on lichen traits 
Coefficients estimate the effect of each environmental variable on the log-odds of a trait’s 
occurrence (for crustose or fruticose growth form and presence of cilia on foliose lichens) or the 
log community-weighted mean trait values (for level of attachment and lobe dissection) and are 
shown with 95% profile likelihood confidence intervals. Interaction terms between sample- and 
plot-scale environmental variables are shown only when interactions were significant at P < 0.05. 
P-values are from a likelihood-ratio test and R
2
 is likelihood-ratio pseudo-R
2
 for GLMs. 
Trait Predictor Estimate CI P R
2 
Crustose Cloud Freq. -0.029 (-0.034, -0.024) < 0.001 0.104 
 Max. VPD 0.044 (0.036, 0.051) < 0.001 0.099 
 Bryophytes -0.034 (-0.051, -0.018) < 0.001 0.013 
 Bryophytes x Openness -0.004 (-0.008, 0) 0.041 - 
 Openness -0.009 (-0.015, -0.003) 0.002 0.007 
 Bark WHC 0.063 (0.014, 0.112) 0.012 0.005 
Fruticose Cloud Freq. 0.248 (0.186, 0.319) < 0.001 0.068 
 Max. VPD -0.303 (-0.389, -0.225) < 0.001 0.056 
 Bryophytes -0.254 (-0.388, -0.123) < 0.001 0.012 
 Openness 0.087 (0.037, 0.14) 0.001 0.009 
 Bark WHC -0.663 (-1.045, -0.281) 0.001 0.009 
Attachment Cloud Freq. 0.042 (0.038, 0.047) < 0.001 0.243 
 Max. VPD -0.065 (-0.071, -0.059) < 0.001 0.237 
 Bryophytes 0.064 (0.049, 0.08) < 0.001 0.048 
 Bryophytes x Cloud Freq. -0.005 (-0.008, -0.002) 0.001 - 
 Bryophytes x Max. VPD 0.007 (0.003, 0.011) 0.002 - 
 Bryophytes x Openness 0.005 (0.001, 0.009) 0.015 - 
 Openness -0.013 (-0.019, -0.007) < 0.001 0.014 
 Bark WHC -0.086 (-0.133, -0.039) < 0.001 0.01 
Lobe dissection Cloud Freq. -0.008 (-0.011, -0.004) < 0.001 0.024 
 Max. VPD 0.011 (0.006, 0.017) < 0.001 0.023 
 Openness 0.003 (-0.001, 0.008) 0.11 0.003 
 Bark WHC -0.016 (-0.051, 0.02) 0.39 0.001 
 Bryophytes -0.004 (-0.016, 0.008) 0.489 0.001 
 Bryophytes x Cloud Freq. -0.003 (-0.005, 0) 0.043 - 
Cilia Bryophytes 0.024 (-0.006, 0.054) 0.119 0.003 
 Openness -0.007 (-0.018, 0.004) 0.206 0.002 
 Max. VPD -0.007 (-0.02, 0.007) 0.356 0.001 
 Bark WHC 0.015 (-0.072, 0.102) 0.74 0.000 
 Cloud Freq. 0.001 (-0.008, 0.01) 0.873 0.000 
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Figure 3.1- Interaction between effects of bryophyte cover and site maximum annual vapor 
pressure deficit (VPD) on community-weighted mean level of lichen attachment to the bark 
The blue line shows the fitted model prediction at the wettest site (max VPD = 415 Pa) while the 
red line shows the prediction at the driest site (max VPD = 1714 Pa), both with 95% prediction 
intervals. 
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Figure 3.2- Community mean thallus attachment level (A, B) and proportion of crustose 
lichens (C, D) regressed on epiphyte abundance 
Linear mixed models of community level traits were fit with (A, C) total lichen frequency (NTOT) 
or (B, D) bryophyte cover as predictors and a random effect of plot. Plot-level predictions are 
shown with grey line while the mean prediction across all plots is shown in black. Points are 
colored by within-sample trait dispersion measured as the standardized z-scores for attachment 
diversity (A, B) or growth form diversity (C, D). Z-scores give the number of standard deviations 
away from the mean of the trait-diversity null distribution. 
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Figure 3.3- Estimated marginal effects of substrate instability and tree diameter on lichen 
reproductive mode 
Estimated effect are from logistic regressions of the probability of lichens exhibiting sexual 
(grey) or asexual vegetative (white) reproduction and include plot-level environmental covariates 
(‘no bark covariates’) or both bark and plot-level environmental covariation (‘with bark 
covariates’). Predicted effects on the log-odds of occurrence are shown with 95% profile 
likelihood confidence intervals. 
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Figure 3.4- Predicted total frequency (NTOT) of lichens exhibiting different reproductive 
modes as a function of tree diameter (DBH) 
The black line shows predicted total lichen frequency (NTOT) from a generalized linear model 
containing plot-level environmental covariates. Predicted total frequency of sexually reproducing 
lichens (orange) and asexually reproducing lichens (blue) is estimated by multiplying predicted 
NTOT by predictions from logistic models of the occurrence of each reproductive mode (Figure 
3.3). 
 
 
 
 
 
 
  
90 
 
CHAPTER 4: INTRASPECIFIC VARIATION IN EPIPHYTE FUNCTIONAL TRAITS 
REVEALS LIMITED EFFECTS OF MICROCLIMATE ON COMMUNITY ASSEMBLY 
IN TEMPERATE DECIDUOUS OAK CANOPIES 
 
Introduction
We do not know the proportion of the world’s biodiversity that resides in forest canopies, 
but it is likely substantial (Lowman & Wittman 1996). Epiphytes are a cornerstone of canopy 
biodiversity, contributing both directly in species number and indirectly by providing resources 
for arboreal vertebrates and arthropods (Nadkarni et al. 2004). Therefore, understanding the 
factors that affect epiphyte distributions in forest canopies is fundamental to understanding the 
ecology of the animals that rely on them. Canopy epiphyte communities are also a valuable 
system for studying the effect of multiple ecological processes on the development of species 
assemblages. As a dynamic substrate, tree branches provide an opportunity to study dispersal and 
competitive processes in a meta-community framework (Burns & Zotz 2010) that is embedded 
within a physical environmental gradient created by the vertical distribution of foliage. Leaves 
block both solar radiation and wind, resulting in a general pattern of decreased light, temperature 
and wind exposure and increased humidity lower in the canopy (Niinemets & Valladares 2004). 
Any of these factors may influence epiphyte species’ distributions. However, in tree canopies 
where environmental conditions may change drastically within the space of several meters or 
even between sides of the same branch (Nadkarni et al. 2004), dispersal among environmentally 
disparate but spatially proximate surfaces could alleviate otherwise important environmental 
filters. In this context of multiple concurrent ecological processes, do short-distance 
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environmental gradients in forest canopies remain a primary constraint on epiphyte 
communities? 
Evidence for environmentally driven changes in epiphyte diversity and abundance in 
forest canopies comes from a variety of studies in both tropical and temperate forests (Lowman 
& Rinker 2004). While some studies have explicitly correlated community change with 
measured environmental factors (McCune et al. 1997a; Coxson & Coyle 2003; Einzmann et al. 
2015), most previous research has based inference on observed compositional changes over an 
assumed vertical gradient in exposure (Hale 1952; Kershaw 1964; Ellyson & Sillett 2003; 
Williams & Sillett 2007). A more direct way to evaluate environmental constraints on 
communities is to assess changes in epiphyte functional traits along empirically measured 
environmental gradients (Bjerke & Dahl 2002; Koch et al. 2013; Färber et al. 2014; Stanton 
2015). Ecologists are increasingly employing this approach because suitably chosen traits 
provide a direct link between organismal physiology and the environmental filters of interest 
(McGill et al. 2006). If species are distributed along an environmental gradient according to 
differential tolerances, then epiphyte communities should exhibit turnover within tree canopies 
that correspond to species-level differences in the traits that mediate those tolerances. 
Alternatively, if traits exhibit large intraspecific variation, either due to developmental plasticity 
or genetically-based population-level variability, it is possible that microclimatic gradients may 
affect individual phenotype without causing changes in species composition. Environmentally 
driven species compositional change will be more likely when intraspecific trait variation is low. 
 In this study, I evaluate the strength of environmental constraints on epiphyte 
communities in temperate deciduous forest canopies by examining functional trait variation in 
lichen communities. Despite a strong tradition of physiological ecology in lichenological 
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research (Kershaw 1985), relatively few studies have tackled the challenge of measuring and 
interpreting lichen functional traits in multi-species communities (Stofer et al. 2006; Lewis & 
Ellis 2010; Pardow, Hartard & Lakatos 2010; Gauslaa & Coxson 2011; Rapai et al. 2012; 
Asplund & Wardle 2014). Three axes potentially shape lichen functional traits in forest canopies: 
light intensity, water availability, and hydration source (e.g. rain versus dew or humid air). Light 
and water are the primary joint constraints on lichen growth (Palmqvist 2000) and different 
hydration sources may select for different suites of traits (Gauslaa 2014). Exposed environments 
high in the canopy require lichens to protect their algae from damaging radiation while utilizing 
shorter periods of hydration (Gauslaa & Solhaug 2001). Although both light and water stress 
covary with exposure, the relative importance of these two factors for constraining lichen 
distributions can be disentangled by examining variation in specific traits. Traits that extend the 
hydration period by minimizing evaporative water loss should be selected for in environments 
where water availability constrains lichen communities (Gauslaa & Coxson 2011). If light stress 
(photoinhibition) is a primary constraint high in the canopy, then photoprotective traits should 
respond to the duration of high intensity light (Bartak et al. 2008). Alternatively, if light capture 
is a major limitation lower in the canopy, the prevalence of traits enabling more efficient use of 
lower photon flux densities should correspond to declining overall light levels (MacKenzie et al. 
2001). 
This study focuses on an exposure gradient of light intensity and water availability by 
measuring lichens growing on similarly-sized internal branches along a vertical gradient in 
closed-canopy forests, where hydration likely occurs primarily via humid air and stemflow 
following rain (Gauslaa 2014).To disentangle how light and water availability affect epiphyte 
communities along this exposure gradient I quantified individual-level variation in seven traits 
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related to light-capture and water-use strategy and related them to measured environmental 
conditions and concurrent changes in taxonomic community composition (Table 4.1). I 
examined the extent to which environmentally associated trait variation arises from intraspecific 
variability versus species turnover. If species traits are inflexible and different species are 
adapted to different levels of exposure, then environmental filters may drive changes in species 
composition through the canopy. Alternatively, given the observed plasticity within several 
species (Gauslaa & Coxson 2011), it is possible that microclimatic gradients induce changes in 
the functional structure of communities without necessarily imposing filters on species 
membership. If there is no correspondence between functional traits and the environmental 
gradients, then other processes, such as dispersal dynamics may be more important drivers of 
lichen epiphyte community composition in temperate forest canopies. 
 
Methods 
Study Location and Data Collection 
This study was conducted in ten Northern red oak trees (Quercus rubra) at two sites in 
Piedmont Dry-Mesic Acidic Oak-Hickory Forest (US NVC 2016) in North Carolina (USA). I 
surveyed three trees at Waterdog Farms in 2013 (36.266° N, 79.027°W) and seven trees at Duke 
Forest in 2014 (35.98°N, 79.01°W). I sampled lichens and measured environmental variables 
from the top and side surface of three similarly-sized branches at different heights (a total of six 
samples per tree) because preliminary work had shown that branch height and surface inclination 
angle were the primary contributors to variation in light through the canopy. At each sample 
location I collected every macrolichen thallus (foliose and fruticose growth forms) occurring 
under a 4x6 grid of 24 points (spaced 3cm apart) in early June. These were used for functional 
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trait analyses. For samples at Duke Forest I also collected all lichens (including crustose species) 
occurring within the same 9x15cm quadrat area for analyses of taxonomic community 
composition. Taxonomic identifications were determined using North American keys (Brodo, 
Sharnoff & Sharnoff 2001; CNALH 2014) and based on morphological characters and standard 
chemical spot tests. 
At each sample location I affixed an Onset HOBO pendant data logger to record 
temperature and light intensity every 75 minutes from June 19
th
 to March 29
th
 for both years. 
Although light intensity is not a direct measure of radiation available for photosynthesis, given 
the common sub-canopy habitat of all sampled communities, differences between samples in 
light intensity will correspond to differences in potential light availability and stress. By 
combining these records with weather-station humidity measurements, I derived five variables 
summarizing light, temperature, and water availability over this 9-month period. Mean light is 
the average light intensity measured at a sample during daytime (range: 7021 – 41840 lx), sun 
frequency is the proportion of daytime light measurements that fall above 10,000 lx and 
estimates how frequently a sample is exposed to full sunlight (0.003 – 0.386). Maximum 
temperature is the highest temperature recorded (32.3°C – 47.9° C) and likely reflects surface 
temperature rather than air temperature. Macrolichens, which are not embedded in the bark, 
probably experience somewhat lower maximum temperatures. Vapor pressure deficit (VPD) 
measures the potential for lichens to extract water from humid air and is the difference between 
the potential vapor pressure of saturated air in the canopy (calculated from sample-level 
temperature measurements using equations in (Buck 1981)) and the actual vapor pressure 
recorded simultaneously at a nearby weather station (NOAA 2015). For Waterdog Farms I used 
a station 4.7 km away at Person County Airport (WBAN #03722) and for Duke Forest I used the 
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Durham 11 W station (WBAN #03758) 7.2 km away. A VPD of zero corresponds to 100% 
humidity. After creating VPD time-series for each sample, I calculated mean VPD (range: 459 – 
834 Pa) as well as air saturation frequency, the proportion of daytime measurements during 
which VPD ≤ 0 (range: 0.005 – 0.094). 
  
Lichen Functional Traits 
I measured seven functional traits related to water and light acquisition on each of the 
677 lichen thalli collected (Table 1). Thalli were divided into two parts- one for measuring 
chlorophyll content and one for measuring other traits. Fragments for measuring non-chlorophyll 
traits were dried for 24 hours at 40°C and weighed to measure dry mass (DM). One 
representative rhizine was removed at its point of attachment to the lower surface and its length 
measured (rhizine length). Fragments were then soaked in water for 10 minutes, gently blotted to 
remove exterior water drops and weighed to obtain saturated wet mass (WM). Percent water at 
saturation (WHCDM) was measured as (WM - DM)/DM. Wet thalli were scanned and thallus 
area (A) determined using ImageJ (Rasband 2013). Analogous to specific leaf area in the plant 
functional trait literature, specific thallus area (STA) was calculated as A/DM. Although area-
normalized water holding capacity (WHCA  = (WM-DM)/A ) is a more common parametrization 
of this trait in the lichenological literature (Gauslaa 2014), image-based area measurements are 
prone to more error than mass measurements so WHCDM is a more robust parametrization. 
WHCA is available in the online data repository that accompanies this publication. Thin sections 
were cut from each thallus and viewed under a compound microscope to measure thallus 
thickness and cortex thickness as the distance between the top of the upper cortex and the bottom 
of the lower cortex or top of the photobiont layer, respectively. Three measurements were taken 
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on each thallus and averaged. Thallus fragments used for chlorophyll measurements were frozen 
in liquid nitrogen and stored in envelopes over a desiccating agent at -40°C to preserve pigments 
until they could be measured. I extracted chlorophyll from frozen fragments by hand grinding 
with CaCO3 in DMSO following the protocol in (Pfeifhofer et al. 2002). Concentrations of 
chlorophyll a and b pigments in extracts were determined by absorbance at 665nm and 649nm on 
a NanoDrop 1000 Spectrophotometer (Thermo Scientific) and calculated from the equations of 
Barnes et al. (1992). Total chlorophyll concentration (CHLTOT) was calculated as the total 
amount (μmol) of chlorophyll a and b pigments per mg thallus and chlorophyll a:b (CHLA:B) as 
the ratio of concentrations of the two pigments. 
 
Analysis of taxonomic community composition 
I analyzed species compositional variation among samples using distance-based 
redundancy analysis (db-RDA) (Legendre & Legendre 2012). Constrained ordinations were 
performed on a community data matrix containing the presence/absence of different species 
among the thalli used to measure functional traits in each sample. Ordinations were constrained 
by each of the five environmental variables separately as well as all five together and were 
performed both with and without first conditioning on site, so that variance in species 
composition could be partitioned between that explained by environmental variation with tree 
canopies versus between the two sites (using the vegan package in R (Oksanen et al. 2013) 
following methods described in (Peres-Neto et al. 2006)). There were a few instances where a 
thallus could only be identified to genus due to insufficient material collected. To avoid treating 
these as unique species, community distance matrices were calculated using a modified Hellinger 
distance (Legendre & Gallagher 2001) which, in a pairwise comparison of two samples i and j, 
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assumed that any thallus identified only to genus in sample i belonged to its congeneric species 
found in sample j with probability equal to those species’ frequencies in sample j (effectively 
assigning a distance of zero between congenerics not identified to species). 
 I used logistic regression to test whether individual species’ distributions respond to each 
of the five environmental variables. I only analyzed samples in Duke Forest where whole 
community sampling allowed us to quantify true absences as well as to focus on environmental 
variation occurring within tree canopies rather than between sites. Models were fit for all species 
occurring in at least 10% of samples. 
 
Analysis of functional trait variation 
I analyzed thallus-level and sample-level functional trait variation for each trait 
individually as well as for all traits simultaneously. All traits were log-transformed prior to 
analysis since they had strictly positive right-skewed distributions for which the mean and 
variance were positively correlated across samples. All models described below were fit both 
with and without site as a predictor in order to test whether trait-environment relationships 
resulted entirely from differences between Waterdog Farms and Duke Forest rather than 
microclimatic variation within tree canopies. 
I used mixed effects models to assess the correspondence between traits of individual 
lichen thalli and environmental covariates. In these models the trait value of a lichen thallus was 
modeled as the sum of two random variables- one for the effect of the lichen’s genus and one for 
the effect of sample in which it was found. Environmental covariates were each evaluated 
separately as linear predictors at the sample level. Estimated variance of the random and fixed 
effects in these models measures the amount of individual trait variation due to differences 
  
98 
 
among taxa versus environmental differences between samples. Genus was chosen as the 
taxonomic focal scale because most genera consisted of one dominant species (Appendix 4, 
Table A4.1) and mixed models could not estimate the variance of a random effect of species due 
to too few observations of each species. In the few genera where there were several thalli of 
multiple species (e.g. Parmotrema), trait variation within species was similar to that within the 
entire genus (Appendix 4, Figures A4.1 and A4.2). The effects of environmental covariates were 
not allowed to vary randomly with genus because initial models fit to each genus separately did 
not support different trait-environment relationships across taxa (Appendix 4, Table A4.2, Figure 
A4.3). Models were fit using restricted maximum likelihood implemented by the lme4 package 
in R (Bates et al. 2015). Confidence intervals for estimated variances of random effects were 
obtained by profile likelihood and by bootstrapping for the estimated fixed-effect variance. 
I used RDA to evaluate the effect of the environment on simultaneous variation in 
multiple traits. Principal components analysis (PCA) of a matrix containing individual trait 
values for all traits except rhizine length (which does not apply to fruticose lichens) was used to 
assess the primary axes of trait variation. Then, RDA was used on the same matrix to partition 
trait variance among environmental covariates, site, and genus (similar to the analysis of 
taxonomic composition described above). All ordinations were performed on trait values 
standardized to have mean 0 and variance equal to one to give equal weight across traits. 
Analyses that included rhizine length by excluding fruticose individuals produced very similar 
results (Appendix 4, Section D).  
Sample-level mean traits were evaluated using a method proposed by Lepš et al. (2011) 
that separates trait variation among samples into trait variation due to species turnover and that 
which arises from intraspecific variability. For each sample I calculated a ‘fixed average’ (FA) 
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trait value that is the community-weighted average of species-level mean traits for all species 
found in the sample. This is the expected trait value of the sample if there is no intraspecific trait 
variation. I then calculated ‘intraspecific variability’ (ISV) for each sample as the difference 
between the actual sample-level mean trait value (SA) and the fixed average. Thus, ISV + FA 
forms an additive partition of sample-level mean trait values. I modeled variation in ISV and FA 
separately to determine the extent to which trait variation associated with environmental 
covariates is due to species turnover versus intraspecific variability. For each trait I used 
ANOVA to assess the variance in SA, ISV and FA explained by each environmental covariate as 
well as all covariates together. Similarly, I used RDA to partition variance in SA, ISV, and FA 
explained by environment across all traits simultaneously (after first standardizing traits as in the 
RDA of individual traits). Note that because ISV and FA may covary across samples, explained 
variance of ISV and FA will not necessarily sum to explained variance of SA. 
 
Results 
Taxonomic community composition 
Both VPD variables explained small but significant proportions of the variance in species 
composition of thalli used to measure traits (Table 4.2), but this was entirely due to VPD 
differences between the two sites. Duke Forest samples were generally darker and drier, 
experiencing lower mean light, higher maximum temperatures and mean VPD, and lower air 
saturation frequency (Appendix 4, Table A4.3). Thirteen species occurred in at least 10% of the 
Duke Forest samples, and of these only four exhibited distributional changes along 
environmental gradients according to logistic models. Flavoparmelia caperata and Pyxine 
subcinerea increased in occurrence as mean VPD decreased, whereas the occurrence of 
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Punctelia rudecta, Physcia millegrana, and Pyxine subcinerea increased with decreasing air 
saturation frequency (Appendix 4, Table A4.4 and Figure A4.4). 
 
Variation in traits of individuals 
Mixed models of traits of individual lichen thalli identified several weak relationships 
between trait values and environmental covariates (Figure 4.1). WHCDM, rhizine length and 
CHLA:B  decreased with decreasing humidity, whereas STA and cortex thickness increased. 
Increasing maximum temperature was associated with increasing cortex thickness and decreasing 
WHCDM and rhizine length. However, most of these effects were due to environmental 
differences across sites. Only cortex thickness responded to environmental variation once site 
was included as a covariate, such that thalli had thicker cortices in samples experiencing higher 
mean VPD, max temperature, and light levels. Light variables had no effect on chlorophyll traits 
(Appendix 4, Figure A4.5). 
Estimated trait variance between genera was generally higher than or comparable to 
estimated trait variance between samples (Figure 4.2). However, there was large uncertainty 
associated with the estimated variance of the genus random effects, possibly due to the single 
fruticose genus Usnea which had lower STA and thicker thalli and cortices than other taxa 
(Appendix 4, Figure A4.1). Fitting the models to only foliose thalli reduced this uncertainty and 
also decreased the variance in thallus thickness, cortex thickness, and STA accounted for by the 
genus-level random effect (Appendix 4, Figure A4.6). 
 Unconstrained ordination of individual traits yielded a first principal component 
primarily associated with size (decreasing thallus and cortex thickness with increasing STA) that 
explained 31% of the total trait variance (Appendix 4, Table A4.5). The second principal 
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component was primarily associated with increasing WHCDM and explained 19% of the variance. 
Variance partitioning by RDA found that 5% of the overall trait variance could be explained by 
all environmental variables while 15% could be explained by genus, with very little shared 
variance (<1%) (Appendix 4, Figure A4.7). However, nearly all of the little explanatory ability 
of environment was due to site-level differences in VPD (Table 4.2, Figure 4.3) and site did not 
explain trait variance beyond that which was explained by the five environmental variables 
(0.1%). Effects of light variables only became significant after controlling for site, but still 
explained very little trait variation (0.3%). Similar results were obtained when ordinations were 
fit to only foliose thalli, except that the explanatory power of genus was reduced (Appendix 4, 
Tables A4.6, A4.7 and Figure A4.7). 
 
Variation in sample-mean traits 
Variation in mean traits among samples primarily resulted from intraspecific variability 
rather than species turnover among samples. Thallus thickness was the only trait with substantial 
variation arising from interspecific differences and this was largely due to the fruticose genus 
Usnea, which had much thicker thalli than foliose taxa (Appendix 4, Figure A4.8). Sample-mean 
STA, WHCDM, and CHLA:B responded intraspecifically to VPD variables, while variation among 
samples in thallus thickness and CHLTOT resulted from interspecific variation (Figure 4.4, 
Appendix 4, Figure A4.9). Cortex thickness responded both intra- and interspecifically to VPD 
variables, but its response to sun frequency resulted primarily from intraspecific variation. Most 
responses were driven entirely by environmental differences between sites. Cortex thickness was 
the only trait affected by environmental variables once the effect of site was controlled. Within 
sites, sample-mean cortex thickness responded intraspecifically and increased with increasing 
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light and decreasing mean VPD, which was opposite to the effects of these environmental 
variables across sites (Appendix 4, Figure A4.10).  
RDA of all sample-mean traits simultaneously found that traits responded to VPD 
variables primarily due to intraspecific variability and did not respond to light variables. VPD 
variables explained approximately 10% of intraspecific variation in sample means, but only 5% 
of trait variation from species turnover. However these responses were completely due to 
environmental differences between sites (Table 4.2, Appendix 4 Table A4.8).  
 
Discussion 
I found no evidence that humidity and light gradients in temperate deciduous oak 
canopies strongly constrain lichen epiphyte communities. Very little variation in traits or 
community structure could be explained by environmental variables and the limited correlations 
that did exist were weak and mostly driven by differences in environment between sites rather 
than within trees. It is possible that had I measured other traits I would have found stronger 
correlations with environmental variables. However, measuring these traits would not have 
furthered our understanding of the environmental drivers of taxonomic community structure 
because species composition was not well explained by environmental variation. It is also 
unlikely that measuring other environmental variables would have increased the amount of trait 
variation explained. Linear mixed models estimated that relatively little trait variance could be 
explained by differences among samples, environmental or otherwise. Most trait variation 
occurred within samples, where lichens are presumably experiencing the same environmental 
conditions. 
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 The one trait that did respond notably to environmental variation was cortex thickness, 
where increases in cortex thickness corresponded to increasing VPD and light. Thicker cortices 
can both increase water storage and provide a more robust barrier to damage caused by high light 
levels. However, the water retention function is more likely in this case, given the stronger 
relationship with humidity variables. Although cortex thickness has received less attention as a 
water-use trait than water holding capacity or specific thallus area, previous work does suggest 
that cortex thickness could be more involved in water relations than light screening (Gauslaa & 
Coxson 2011). Regardless, cortex thickness does not appear to mediate taxonomic community 
composition along humidity gradients. For one, differences in cortex thickness among samples 
were primarily due to intraspecific variability rather than species turnover. In addition, genus-
level differences in cortex thickness did not correspond to species’ distributional changes along 
VPD gradients. The occurrence of species from genera that had the thinnest and thickest cortices 
(Parmelinopsis minarum and Usnea strigosa, respectively) did not change in frequency along the 
VPD gradient. Species that did respond to humidity gradients all increased in frequency at lower 
humidity and two belonged to genera with on average thinner cortices (Flavoparmelia caperata 
and Physcia millegrana). So, even though this trait differs between taxa, the correspondence 
between VPD and cortex thickness is most likely due to individual variability rather than 
genetically-determined species differences. 
 For most traits, environmentally-associated variation arose through intraspecific 
variability. Yet, overall trait variation among samples was better explained by taxonomic rather 
than environmental differences. This suggests that the assembly of lichen epiphyte communities 
in these canopies does not follow a traditional environmental filtering model where the 
suitability of a species’ traits determines whether it successfully establishes in a given location 
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(Keddy 1992). Instead, because species’ traits are highly flexible, other processes (e.g. stochastic 
arrival, dispersal or successional dynamics) determine which species establish and trait-
environment correlations arise because individuals modify their physical traits to adapt to the 
conditions they are growing under. Similar patterns have been found for lichen epiphytes along a 
soil nutrient gradient (Asplund & Wardle 2014).  
 Rapid dispersal is probably not masking the effects of environmental filters on species 
composition because if it were, we would still expect taxa to exhibit appreciably different 
functional traits. Instead, macrolichen species’ traits appear to provide sufficient flexibility to 
cope with the entire range of environmental conditions typically encountered in the canopy. This 
variability is consistent with previous work on lichen traits across multiple species (Pintado, 
Valladares & Sancho 1997; Jairus, Lohmus & Lohmus 2009; Merinero, Hilmo & Gauslaa 2014) 
and this work also supports previous findings that interspecific trait variation is in large part due 
to size differences among taxa (Gauslaa & Coxson 2011). High intraspecific variability is also 
common in plant communities and should not discourage ecologists from utilizing traits to study 
community assembly (Messier, McGill & Lechowicz 2010; Jung et al. 2010). In the present 
study, trait-based and taxon-based approaches found similar levels of environmentally-associated 
community variation (Table 4.2), but trait measurements identified a previously under-
appreciated mechanism (increased cortex thickness) by which individuals can cope with lower 
humidity. The choice of whether to use a trait or taxon-based approach will depend on research 
goals. Functional trait measurements can be performed by trained non-specialists and better 
identify mechanisms of community assembly, but data collection requires substantial effort and 
cannot inform species-based conservation goals unless species identities are also determined. 
  
105 
 
This study’s conclusion that within-canopy environmental gradients do not strongly 
constrain epiphyte assemblages diverges from the distinct epiphyte distributional changes found 
in most other canopy studies. There are several important reasons why this might be the case. In 
an effort to control for the effects of both substrate age and moisture source, I only sampled 
similarly-sized interior branches. Environmental conditions on twigs at the crown edge or lower 
on the tree trunk likely exceed the environmental gradient that was the focus of this study; 
however, had I sampled in these locations it would have been difficult to attribute community 
change to environmental variation rather than successional processes that covary with substrate 
age (Stone 1989; McCune 1993). Other studies have taken a more inclusive approach, either 
sampling vertically along the entire tree bole (Hale 1952, 1965; Kershaw 1964; Harris 1971; 
Yarranton 1972; Lang, Reiners & Pike 1980), or including samples from branches of all sizes 
(McCune 1993; Lyons, Nadkarni & North 2000; McCune et al. 2000; Campbell & Coxson 2001; 
Ellyson & Sillett 2003).  
It is possible that environmental variation only becomes important for epiphytes in 
deciduous oak canopies on small external branches or much lower on the vertical trunk, where I 
did not measure. It is also possible that the environmental gradient measured is reflective of the 
entire canopy, but does not span the range of environmental conditions found in forests that were 
the focus of previous research. This study was conducted in deciduous canopies approximately 
30m in height, whereas many studies reporting variation in epiphyte distributions come from the 
evergreen trees (Campbell & Coxson 2001; Coxson & Coyle 2003) sometimes exceeding 40m 
(Lyons et al. 2000; Ellyson & Sillett 2003; Williams & Sillett 2007). Previous research in 
relatively short-stature temperate deciduous trees similar to those studied here has focused on 
vertical distributional changes along the tree bole (Hale 1952, 1965; Kershaw 1964; Harris 
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1971), which confounds environmental and successional gradients. Not only do taller canopies 
cause more light attenuation, but environmental gradients within evergreen canopies remain 
more consistent than gradients in deciduous canopies throughout the year. Due to seasonal 
defoliation, an epiphyte growing at a location in a deciduous canopy potentially experiences a 
much larger proportion of the environmental conditions encountered throughout the entire 
canopy than a similarly located epiphyte in an evergreen canopy. Species in deciduous canopies 
likely need broader tolerances, whereas evergreen canopies can accommodate species with more 
restricted environmental niches. In this way, we could hypothesize that evergreen canopies are 
effectively “taller” than deciduous canopies (Janzen 1967). At least one study comparing 
environmental conditions and epiphyte abundance in deciduous and evergreen trees is consistent 
with this hypothesis (Einzmann et al. 2015). 
Moving forward, further research comparing canopy epiphyte communities in deciduous 
and evergreen trees across temperate and tropical forests is needed to evaluate whether there are 
systematic differences in the effect of canopy microenvironments across the world’s forests. 
Such comparisons would be substantially enhanced by research that repeats collections or 
experiments across multiple sites. This study is one of a handful  that can explicitly compare 
environmental effects within trees to those occurring across larger spatial distances (Arseneau, 
Sirois & Ouellet 1997; de Oliveira et al. 2009; Normann et al. 2010; Silva & Porto 2013; de 
Oliveira & ter Steege 2015). Consequently, I found that climatic differences across the landscape 
had much stronger effects on epiphyte communities than the more limited vertical gradients 
found within a site. Understanding the scales at which environmental variation affects 
communities is an important basic ecological goal, but it is also critical when making 
management decisions. If variation in biodiversity is more strongly associated with landscape-
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scale environmental factors than within-patch gradients, then forest patches are not equivalent in 
terms of the organisms they support and conservation success will depend not only on the size of 
preserved forest patches, but also their locations.  
In conclusion, although environmental gradients in temperate deciduous canopies may 
require epiphytes to alter their physiology to capitalize on limited hydration opportunities, such 
modifications are not beyond the reach of most species. Thus, processes other than 
environmental filtering are probably more important determinants of epiphyte community 
structure within these canopies and environmental variation has a stronger influence at larger 
spatial extents.  
  
  
108 
 
Table 4.1- Lichen functional traits 
Traits are listed along with their abbreviations and a description of how they were measured. 
Predicted responses to environmental factors associated with exposure are described based on 
relationships observed in previous studies. 
Trait (abbreviation) Description (units) Predicted Responses 
Percent water at 
saturation (WHCDM) 
 
Mass-specific internal water 
storage capacity. (mg H2O / 
mg thallus) 
Higher in drier environments, where longer 
water retention prolongs the photosynthetically 
active period (Gauslaa & Coxson 2011). 
Specific thallus area 
(STA) 
Ratio of thallus area to  
mass (cm
2
 / mg) 
Lower ratio (less surface area) in drier 
environments, to reduce evaporation rates 
(Gauslaa & Coxson 2011).  
Thallus thickness Distance from the top of the 
upper cortex to the bottom of 
the lower cortex. (μm) 
Thicker in drier environments, to increase 
water storage in a thicker algal layer (Gauslaa 
et al. 2006; Gauslaa & Coxson 2011). 
Covaries with STA and WHCDM. 
Cortex thickness Distance from the top of the 
cortex to the top of the 
photobiont layer (μm). 
Thicker in drier environments to increase water 
storage and reduce evaporation (Gauslaa & 
Coxson 2011). Thicker under high light stress 
to decrease irradiance of algal layer (McEvoy, 
Solhaug & Gauslaa 2007; Jairus et al. 2009).  
Rhizine length Length of a typical rhizine 
(mm) 
Longer rhizines in drier environments to 
increase exterior water holding capacity 
(Larson 1981; Valladares, Sancho & Ascaso 
1998). 
Chlorophyll 
concentration 
(CHLTOT) 
Mass-specific total 
chlorophyll content (a and b) 
(μmol / mg thallus) 
Increases with decreasing light levels to 
maximize photosynthesis (MacKenzie et al. 
2001). 
Chlorophyll A:B ratio 
(CHLA:B) 
Ratio of chlorophyll a to b. Lower ratio (more chl B) deeper in canopy with 
lower light levels as adaptation to utilizing 
shorter wavelengths that reach deeper into the 
canopy (MacKenzie et al. 2001; Gauslaa et al. 
2006). 
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Table 4.2- Taxonomic and functional community variation explained by environmental 
covariates 
Table lists adjusted R
2
 of redundancy analyses (RDA) constrained by the indicated 
environmental predictor variables for three different community data matrices: trait values of 
individual thalli (‘Individual Traits’), sample-level mean trait values (‘Sample Mean Traits), 
species composition of thalli used for trait measurements (‘Species Composition’). Two RDAs 
were performed on each community matrix. Values in columns labeled ‘Within Site’ are the 
semi-partial adjusted R
2
 from a partial RDAs that control for site differences and measure the 
community variation that can be explained by environmental variation with the canopy. Values 
in columns labeled ‘All Samples’ are adjusted R2 from RDAs without first conditioning on site. 
Values in bold explain a significant proportion of the overall variation according to an F-test at P 
< 0.05. 
 
 Individual Traits Sample Mean Traits Species Composition 
Predictors All Samples Within Site All Samples Within Site All Samples Within Site 
Mean Light 0.001 0.003 -0.007 0.001 0.000 -0.007 
Sun Freq. 0.002 0.003 -0.004 0.002 -0.005 -0.008 
Max. Temp. 0.016 0.002 0.024 0.002 -0.001 -0.001 
Mean VPD 0.044 0.003 0.101 -0.004 0.019 -0.001 
Air Sat. Freq. 0.044 -0.001 0.103 -0.011 0.042 -0.008 
All 0.050 0.006 0.085 -0.020 0.025 -0.011 
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Figure 4.1- Examples of trait-environment relationships predicted by mixed models of 
traits of individual thalli 
Each trait is shown regressed against mean vapor pressure deficit (VPD). Points are colored by 
site, with Waterdog Farms in white and Duke Forest in grey. Lines show predicted relationships 
across (black) and within sites (white or grey). Solid lines indicate an effect of mean VPD that is 
significant under a likelihood ratio test (P < 0.05). However in all cases mean VPD explained 
little variation in individual trait values, as shown by the marginal R
2
 (Nakagawa & Schielzeth 
2013) for the fixed effect of mean VPD in the model across sites printed above each plot. Data 
are plotted on the original scale, but statistics are from model fit to log-transformed data. Traits 
are defined in Table 4.1. 
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Figure 4.2- Estimated variance components from mean VPD models 
For each trait, estimated variance explained by the fixed effect of mean vapor pressure deficit 
(VPD) is shown on lines labeled ‘Environment’ and 95% confidence intervals are based on 
bootstrapping. Estimated variance for the random effects of the genus to which a thallus belongs 
and the sample it is found in are labeled ‘Genus’ and ‘Sample’, respectively, and are shown with 
95% profile likelihood confidence intervals. Variance of these random effects indicates the 
amount of trait variance between genera or samples, after accounting for variance explained by 
mean VPD. Residual variance is shown with 95% profile likelihood confidence intervals and 
estimates the trait variance within the same sample and genus. 
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Figure 4.3- Trait variance explained by each environmental covariate 
Bars show Radj
2
 of a RDA of individual thallus traits constrained by the indicated environmental 
variable. The bar labeled ‘All’ is for an ordination using all five covariates. Black bars show 
variance explained after conditioning on site while grey bars show trait variance explained by 
site-level environmental differences. 
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Figure 4.4- Variance in sample-mean traits explained by each environmental variable 
The column labeled ‘Total’ shows the proportion of the total variance in sample-level trait means 
accounted for by each environmental covariate (based on ANOVA). Each trait is shown with the 
environmental predictor that explained the most total mean trait variance. The other two columns 
show the proportion of variance explained in ANOVAs of a partition of sample-level trait means 
into two additive components: the expected mean trait value based on species-level average traits 
(‘Interspecific’) and the deviation of the actual sample-mean from this value (‘Intraspecific’). 
Comparing the explained variance between the interspecific and intraspecific columns shows 
whether a given environmental variable affects trait variance among samples primarily by being 
associated with changes in species composition or by being associated with changes in trait 
values within species. Black bars indicate significant effects (F-test, P <0.05). Positive or 
negative effects of an environmental variable on each trait are signified by a + or – symbol at the 
end of each bar. An expanded version of this figure showing all environmental predictors can be 
found in Appendix 4, Table A4.9. 
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CONCLUSIONS 
Large-scale processes affect local assembly
Lichen assemblages at all spatial grains were characterized by high variability across 
short distances relative the spatial extent of analysis. Yet, this variability was best predicted by 
larger-scale environmental gradients: regional climate had a stronger effect than local forest 
structure on macrolichen species richness in forest patches; an elevation-associated climate 
gradient was the strongest correlate of differences in diversity, abundance and morphological 
traits among tree-trunk assemblages; and, functional trait variation in tree canopies primarily 
responded to site-level environmental differences. In each case, large-scale community variation 
was predictable by environmental covariates while small-scale variation was not. From three 
disparate data sets, a general pattern emerges whereby climate gradients affect the pool of 
species able to colonize epiphyte assemblages from the scale of forest patches down to individual 
branches on a tree, but the internal processes that subsequently determine the composition of 
communities at small scales are not easily measured by environmental factors. This implies that 
either local processes have a large stochastic component and act as weak filters on community 
membership, or that local processes do not result in consistent relationships between community 
structure and the environment. The latter explanation is more applicable to larger spatial grains, 
such as variability in epiphyte communities among forests (Will-Wolf et al. 2006). 
If this model of assembly in lichen epiphyte communities is correct, then there is a clear 
need for research on how biogeographic processes have generated large-scale biodiversity 
patterns and how past and current human activities are altering those patterns. Regional changes 
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in climate, nitrogen deposition and other air pollutants may strongly impact regional lichen 
biotas (Jovan 2008), as could the aggregated effects of smaller scale habitat perturbations (Stofer 
et al. 2006). However, without large-scale biodiversity data, it will be impossible to know the 
magnitude and extent of these impacts. I was able to find only one other map depicting regional 
lichen biodiversity across a continent (Soto-Medina 2013) and Figure 1.1 is the first for North 
America. The development of methods for estimating regional biodiversity from existing surveys 
and distributional data would be a substantial step toward filling this gap (Holt, Bradford & 
Garcia 2015). 
 
Utility of morphological and functional traits 
High individual-level phenotypic variability both within species and fine-scale 
assemblages limits the power of traits to gauge assembly processes in lichen epiphyte 
communities. This variability indicates that either measured traits do not mediate individual 
performance or that the environmental gradients examined do not impose niche-based constraints 
on establishment or persistence. As a group, lichens are stress-tolerators, able to persist under a 
wide range of abiotic conditions and colonize habitats left vacant by vascular plants (Beckett, 
Kranner & Minibayeva 2008), so perhaps it should not be surprising that phenotypic 
characteristics are not strongly linked to environmental variation within the temperate forests that 
constitute the extent of this research.  
Even though effects sizes were small and overall trait variation was not well-explained by 
environment, traits identified assembly mechanisms that would not have been apparent from 
analyses based on changes in species composition alone. For one, analysis of individual 
functional traits found a small effect of within-canopy light gradients while taxonomic 
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composition varied only in response to larger-scale humidity differences. As another example, 
systematic shifts in reproductive strategy with bark stability revealed the mechanism whereby 
different species are able to persist (or not) on unstable substrates. Thus, traits may not be 
powerful tools for understanding the processes that shape lichen assemblages, but they are still 
useful. Through this research I have developed a few recommendations for enhancing the 
efficacy of future work on trait-based approaches in lichen systems. 
1) Measure morphological traits that are quantifiable rather than categorical. Traits such 
as ‘level of attachment to the substrate’ or ‘amount of reproductive effort’ contain more 
information than ‘growth form’ or ‘reproductive mode’ and thereby have a greater capacity 
to reflect environmental conditions. Quantitative traits exhibit more complex spatial patterns 
that can be leveraged to study processes operating at a broader range of scales. 
2) Systematically evaluate the utility of traits in a wider variety of habitats. Rocks and soil 
provide a surface that is more stable than tree bark and deterministic processes may play a 
stronger role in lichen communities inhabiting these substrates. If trait-environment 
relationships are more apparent for terricolous and saxicolous communities, then the weak 
relationships identified in this research may indicate that stochasticity is a general feature of 
community assembly in epiphytes. If trait responses are equally weak, the cause may reside 
in the methodology of the trait-based approach. A few studies have examined trait variation 
in terricolous and saxicolous communities (Rapai et al. 2012; Giordani et al. 2014; 
Spickerman 2015; Nelson et al. 2015), but there has not been as comparison of trait 
responses across substrates. 
3) Use morphological traits for citizen-based biodiversity surveys. Scoring lichen 
morphological traits provides a standardized way for non-specialists to assess lichen 
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biodiversity in small field-based samples (i.e. on a tree trunk or smaller- see Chapter 2). Such 
surveys could be used in classroom education, as a way to rapidly supplement more detailed 
species surveys, or in a large citizen-science project to document or monitor lichen 
biodiversity at fine spatial scales.  
4) Use functional traits to situate lichen-based research in a broader ecological context. 
Traits, like species richness and abundance distributions, provide a common currency with 
which to compare community variation across disparate ecological systems. Lichens, plants 
and animals all respond to a common set of ecological processes in ways that are dictated by 
their physical form. Describing lichen community or species responses in terms of functional 
strategies that are directly comparable to other organisms will facilitate synthesis as well as 
promote lichens as a rich and accessible system for testing ecological and biogeographical 
theory more broadly. 
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DATA ACCESSIBILITY 
Chapter 1: 
Original data may be accessed from the sources cited. A derived data table and scripts for 
conducting analyses in this paper are available from Dryad (DOI: 10.5061/dryad.5h59j). Scripts 
for formatting data and initial analyses are available at http://github.com/jescoyle/FIA-Lichens. 
 
Chapters 2 and 3: 
Derived data tables and computer code are available at online at 
http://github.com/jescoyle/NC-forest-lichens. All data collected during this project are available 
from The Knowledge Network for Biocomplexity (DOI: 10.5063/F1348H8K). 
 
Chapter 4: 
Derived data tables and computer code for conducting analyses are available online at 
http://github.com/jescoyle/NC-Canopy-Lichens. All data collected during this project are 
available from The Knowledge Network for Biocomplexity (DOI: 10.5063/F1BP00QV). 
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APPENDIX 1: ADDITIONAL INFORMATION FOR CHAPTER 1 
 
Additional methodological information 
Derivation of environmental covariates 
 We obtained eighteen environmental variables related to climate and forest structure. 
Table 1 lists all of these variables as well as the scales at which they were measured (local vs 
regional) and the way that they characterize the environment (heterogeneity vs. optimality).  
Forest structure variables were derived from tree surveys conducted by the FIA program on the 
same plots where lichens were measured. These variables included six measures of heterogeneity 
(tree diversity, bark moisture content diversity, wood density diversity,  canopy density variation, 
proportion of trees dead, tree diameter range) and six measures of mean forest conditions, i.e. 
‘optimality’ (total tree circumference, maximum tree diameter, mean canopy density, mean bark 
moisture content, mean wood density). Maximum tree diameter and tree diameter range were 
strongly correlated (r = 0.84), so two orthogonal principle components from these variables were 
included in all models rather than the raw variables. Maximum tree diameter and tree diameter 
range both loaded positively on PC1 which became the optimality variable ‘tree size’. PC2 
because the heterogeneity variable ‘tree size variation’, since maximum tree diameter loaded 
negatively and tree diameter range loaded positively on this axis. 
Four forest structure variables measure the mean and diversity of two tree traits for all 
tree species recorded on a plot. These traits are wood density (specific gravity) and bark moisture 
(bark moisture content as a percentage of dry mass). Mean traits are calculated by averaging the 
trait values for tree species found on a plot by the tree species relative abundance (based on basal 
area). Trait diversity was calculated as the average difference in trait values between any two 
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pairs of species on a plot, weighted by their relative abundance. Tree trait data were obtained 
from (Miles & Smith 2009). 
Tree community variation was characterized by conducting a principle coordinates 
analysis on Hellinger distances among sites based on their species composition, which is a 
recommended method for ordination of species abundances (Legendre & Legendre 2012) and is 
equivalent to conducting a principle components analysis on square-root transformed relative 
abundances. The ordination was conducted on tree species functional groups, rather than the 
species themselves because the data set encompassed 243 taxa and the first principle axis of an 
ordination across species explained little overall variation in tree communities across the data set 
(6%). Species abundances were summed within Jenkins species groups (Jenkins et al. 2003; 
USDA FIA 2009) and then log10 transformed prior to ordination, since abundance was based on 
basal area which was highly skewed. The first axis explained 25% of the overall variation and 
was used as a variable measuring tree community composition. It represents a gradient from 
conifers (positive values, pine / juniper / fir) to hardwoods (negative values, maple / oak / 
hickory / beech). 
Long-term average environmental data rasters were obtained or computed for annual 
precipitation (AP), mean annual temperature (MAT), isothermality (ISO, diurnal temp range / 
annual temp range), precipitation seasonality (PSEAS, coefficient of variation of monthly 
precipitation), relative humidity (RH), and total nitrogen and sulfur deposition (TOTNS). We 
then computed three variables for each climate raster. A local climate variable was obtained by 
intersecting plot coordinates with the climate raster and recording the value. We then computed 
the mean and variance of pixels within a 500 km radius of each plot to measure regional climate 
optimality and regional climate heterogeneity. AP, MAT, ISO, PSEAS were obtained from 
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WorldClim which uses 50 years of data from weather stations to model long-term average 
climate. RH was approximated by using the Magnus formula (Alduchov & Eskridge 1996) on 
PRISM monthly mean dewpoint and minimum temperature rasters averaged over all months in 
1997-2008 (the range of years when plots were sampled). TOTNS was calculated by averaging 
yearly total nitrogen and sulfur deposition maps from NADP NTN from 1997 – 2008. Solar 
radiation is the single local climate variable not derived from raster maps. Potential total annual 
direct incident solar radiation was calculated for each plot from geographic coordinates, 
elevation, slope, and aspect based on integrating a model of direct solar insolation over the 
course of a calendar year in 30 minute increments (R package insol; (Corripio 2014). 
 
Calculation of regional species richness 
Regional species richness was calculated from 148,161 herbarium records downloaded 
from the Consortium of North American Lichen Herbaria on October 8
th
, 2014. Only taxa with 
names conforming to CNALHs central taxonomy were used and only from species on which the 
FIA collects data. Records located to county, but without geographic coordinates were assigned 
coordinates corresponding to county geographic centers. Our final dataset included 1,757 taxa in 
80 genera. Regional species richness for each plot was calculated using rarefaction on the 
records located within a 500 km radius. The number of records within a 500 km radius of each 
plot ranged from 2,264 to 40,493 records (median = 8,285) so we calculated the expected 
number of species in 2,000 records using the rarefy function in the vegan package in R (Oksanen 
et al. 2013). 
We also estimated regional species richness at several different scales and sampling 
different numbers of records. Rarefaction curves suggested that sampling fewer than 1000 
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records would insufficiently capture differences in diversity among plots (Figure A1.1). 
However, at a sampling scale using a circle with a 250km radius, only 85% of plots had at least 
1000 records within this radius (Table S1). Because the correlation between regional richness 
estimated at 500km (with 2000 records) and at 250km (with 500 records) was high (r = 0.80) and 
the spatial distribution of richness was similar (Figure A1.2), we decided to use the larger scale 
estimate that allowed us to calculate richness for all plots. 
 
Figure A1.1- Rarefaction of regional species richness within 500 km of four FIA plots 
The four plots were located in Wisconsin (WI), Vermont (VT), Arizona (AZ), and Washington 
(WA). 
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Figure A1.2- Map of regional species richness using different sampling radii 
The top panel shows regional richness used in all analyses, calculated by sampling 2000 CNALH 
records within a 500km radius of each plot. The lower panel show richness estimated from 500 
records within a 250km radius. 
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Table A1.1- Percentage of FIA plots with different numbers of CNALH records within 
different distances 
# Records 50 km 100 km 250 km 400 km 500 km 
25  72.3%  94.5% 100.0% 100.0% 100.0% 
50  60.4%  90.1% 100.0% 100.0% 100.0% 
100  44.6%  82.0%  99.8% 100.0% 100.0% 
200  28.0%  68.1%  98.4% 100.0% 100.0% 
250  22.4%  62.6%  98.0% 100.0% 100.0% 
500  10.6%  44.2%  94.2% 100.0% 100.0% 
750   5.8%  33.2%  89.1%  99.9% 100.0% 
1000   3.7%  22.2%  84.9%  99.4% 100.0% 
1500   1.4%  11.8%  74.4%  98.4% 100.0% 
2000   0.5%   6.0%  61.9%  96.2% 100.0% 
2500   0.4%   1.9%  53.5%  93.4%  99.8% 
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Table A1.2- Support for unimodal versus linear relationships between local lichen richness 
and local-scale environmental variables 
Local lichen species richness was modeled as a linear function of each local-scale variable with 
both linear and quadratic terms using a GLM with a negative binomial error distribution and log-
link function. Predictor variables are grouped by whether they measure environmental optimality 
(i.e. mean conditions) or heterogeneity. ΔAIC is the difference in AIC of the linear and quadratic 
models, with a positive value indicating that the quadratic model had a lower AIC. The shape 
column indicates which model best fit the data and when a quadratic model is supported, 
concavity indicates the sign of the estimated quadratic parameter. Bold font indicates that the 
variable had AIC-supported concave down quadratic relationships with lichen richness. 
Quadratic terms for these variables were included in models used in variation partitioning 
analyses. 
 
Predictor Type ΔAIC Shape Concavity 
High precip - high RH optimality 64.2 quadratic down 
High precip - low RH optimality 35.2 quadratic up 
Isothermality optimality 29.4 quadratic up 
Mean annual temp. optimality 1.3 linear  
Precip. Seasonality optimality 4.5 quadratic up 
Solar radiation optimality 54.1 quadratic down 
Large trees optimality -0.7 linear  
Mean bark moisture optimality 0.0 linear  
Mean canopy density optimality 24.8 quadratic down 
Mean wood density optimality 38.3 quadratic down 
Tree composition optimality 55.5 quadratic down 
% Trees dead heterogeneity 13.6 quadratic down 
Bark moisture diversity heterogeneity 64.0 quadratic down 
Canopy variability heterogeneity 0.2 linear  
Tree diversity heterogeneity -1.5 linear  
Tree size variation heterogeneity -2.0 linear  
Wood density diversity heterogeneity 57.9 quadratic down 
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Table A1.3- Support for unimodal versus linear relationships between regional lichen 
richness and regional-scale environmental variables 
Regional lichen species richness was modeled as a linear function of each local-scale variable 
with both linear and quadratic terms using a spatial simultaneous autoregressive error model. 
Predictor variables are grouped by whether they measure environmental optimality or 
heterogeneity. ΔAIC is the difference in AIC of the linear and quadratic models, with a positive 
value indicating that the quadratic model had a lower AIC. The shape column indicates which 
model best fit the data and when a quadratic model is supported, concavity indicates the sign of 
the estimated quadratic parameter. Bold font indicates that the variable had AIC-supported 
concave down quadratic relationships with lichen richness. Quadratic terms for these variables 
were included in models used in variation partitioning analyses. 
 
Predictor Mode ΔAIC Shape Concavity 
High precip. - high RH (var.) heterogeneity -0.4 linear down 
Mean annual temp. (var.) heterogeneity 0.2 linear up 
Isothermality (var.) heterogeneity 0.3 linear down 
High precip. - low RH (var.) heterogeneity 0.6 linear up 
Reg. tree richness heterogeneity 4.7 quadratic down 
Precip. seasonality (var.) heterogeneity 44.4 quadratic up 
Precip. seasonality (mean) optimality 2.7 quadratic down 
Isothermality (mean) optimality 8.9 quadratic up 
Mean annual temp. (mean) optimality 25.4 quadratic up 
High precip. - low RH (mean) optimality 39.2 quadratic up 
High precip. - high RH (mean) optimality 64.9 quadratic up 
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Additional results 
Table A1.4- Importance and effects of environmental optimality variables on local 
macrolichen species richness 
Parameter estimates are averaged from the 129 most likely submodels (evidence ratio ≥ 0.05) of 
a full model containing variables measuring environmental optimality (model L6). Parameter 
estimates are standardized to enable comparison among variables and are ordered from strongest 
to weakest effect on local richness. Quadratic terms are italic at the bottom of the table. For each 
variable the table lists the scale at which the variable was measured (R = regional, L = local), the 
relative importance of the variable (summed weights of submodels containing that variable), and 
the number of most likely submodels in which it occurs (out of 129). 
 
Predictor Scale Importance Models Estimate SE 
High precip. - high RH (reg. mean) R 1.00 129/129  0.11548 0.0119 
Mean annual temp. (reg. mean) R 1.00 129/129 -0.10902 0.0082 
Isothermality (reg. mean) R 1.00 129/129  0.07802 0.0096 
Mean wood density L 1.00 129/129  0.06623 0.0237 
Mean canopy density L 1.00 129/129  0.05959 0.0162 
Precip. seasonality (reg. mean) R 1.00 129/129  0.02819 0.0055 
High precip - high RH L 1.00 129/129  0.02322 0.0072 
Tree composition L 1.00 129/129 -0.01311 0.0025 
High precip - low RH L 1.00 129/129  0.01215 0.0037 
High precip. - low RH (reg. mean) R 0.69 85/129 -0.01209 0.0071 
Mean annual temp. L 0.73 80/129  0.01011 0.0053 
Isothermality L 0.27 46/129  0.00581 0.0078 
Mean bark moisture L 0.66 76/129 -0.00514 0.0029 
Precip. seasonality L 0.25 44/129  0.00272 0.0054 
Large trees L 0.26 47/129 -0.00155 0.0022 
Solar radiation L 0.97 122/129  0.00049 0.0111 
High precip. - high RH (reg. mean)
2
 R 1.00 129/129  0.07700 0.0106 
Mean wood density
2
 L 1.00 129/129 -0.07808 0.0242 
Mean canopy density
2
 L 1.00 129/129 -0.06616 0.0162 
High precip - high RH
2
 L 1.00 129/129 -0.03211 0.0037 
Solar radiation
2
 L 0.39 57/129 -0.01569 0.0133 
Tree composition
2
 L 1.00 129/129 -0.00806 0.0024 
High precip. - low RH (reg. mean)
2
 R 0.17 29/129 -0.00287 0.0056 
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Table A1.5- Importance and effects of environmental heterogeneity variables on local 
macrolichen species richness 
Parameter estimates are averaged from the 52 most likely submodels (evidence ratio ≥ 0.05) of a 
full model containing variables measuring environmental heterogeneity (model L9). Parameter 
estimates are standardized to enable comparison among variables and are ordered from strongest 
to weakest effect on local richness. Quadratic terms are in italic at the bottom of the table. For 
each variable the table lists the scale at which the variable was measured (R = regional, L = 
local), the relative importance of the variable (summed weights of submodels containing that 
variable), and the number of most likely submodels in which it occurs (out of 52). 
 
Predictor Scale Importance Models Estimate SE 
Reg. tree richness R 1.000 52/52  0.11785 0.0189 
Precip. seasonality (reg. var.) R 1.000 52/52  0.10506 0.0261 
Bark moisture diversity L 1.000 52/52  0.05072 0.0086 
Mean annual temp. (reg. var.) R 1.000 52/52 -0.05061 0.0036 
Isothermality (reg. var.) R 1.000 52/52  0.03152 0.0043 
High precip. - low RH (reg. var.) R 1.000 52/52 -0.02110 0.0091 
Tree diversity L 1.000 52/52  0.01359 0.0046 
Wood density diversity L 0.526 32/52  0.00156 0.0094 
Canopy variability L 0.275 22/52 -0.00135 0.0026 
% Trees dead L 0.298 28/52  0.00036 0.0036 
Tree size variation L 0.242 20/52  0.00030 0.0024 
Reg. tree richness
2
 R 1.000 52/52 -0.14928 0.0193 
Precip. seasonality (reg. var.)
2
 R 1.000 52/52 -0.10003 0.0258 
Bark moisture diversity
2
 L 1.000 52/52 -0.03361 0.0073 
High precip. - high RH (reg. var.)
2
 R 0.519 26/52  0.01516 0.0096 
Wood density diversity
2
 L 0.234 16/52 -0.01095 0.0087 
% Trees dead
2
 L 0.056 8/52 -0.00084 0.0064 
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Table A1.6- Importance and effects of variable quadratic terms on local or regional 
macrolichen richness 
This is a continuation of Tables 3 and 4. Parameter estimates are averaged from the most likely 
submodels (evidence ratio ≥ 0.05) of a full models containing all local scale variables (model L2) 
or all regional scale variables (model R3). Parameter estimates are standardized to enable 
comparison among variables. Variables are ordered from strongest to weakest estimated effect 
on richness. Parameter estimates are standardized to enable comparison among variables and are 
ordered from strongest to weakest effect on local richness. For each variable the table lists 
whether the variable comes from the model of regional (‘R’) or local (‘L’) richness, measures 
environmental heterogeneity (mode = ‘H’) or optimality (mode = ‘O’), the relative importance of 
the variable (summed weights of submodels containing it), and the number of most likely 
submodels in which the variable occurs.  
 
Scale Predictor Mode Importance Models Estimate SE 
R Precip. seasonality (mean) O 0.65 8/14 -0.057 0.032 
R Reg. tree richness H 0.28 6/14  0.004 0.055 
L Mean canopy density O 0.998 1539/1545 -0.0544 0.0176 
L Solar radiation O 0.971 1468/1545 -0.0346 0.0144 
L High precip - high RH O 1.000 1545/1545 -0.0195 0.0036 
L Wood density diversity H 0.657 920/1545 -0.0178 0.0086 
L Bark moisture diversity H 0.665 955/1545 -0.0154 0.0077 
L Tree composition O 1.000 1545/1545 -0.0084 0.0026 
L Mean wood density O 0.172 356/1545  0.0053 0.0264 
L % Trees dead H 0.056 136/1545  0.0044 0.0064 
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APPENDIX 2: ADDITIONAL INFORMATION FOR CHAPTER 2 
Site characteristics and locations 
Table A2.1- Site locations 
Site ID Location Lon Lat Ecoregion 
P1 Uwharrie National Forest -80.05 35.43 Piedmont 
P2 Uwharrie National Forest -80.03 35.43 Piedmont 
P3 Johnston Mill Preserve -79.04 35.99 Piedmont 
P4 Eno River State Park -79.01 36.07 Piedmont 
M1 New River State Park -81.34 36.46 Blue Ridge Mountains 
M2 Pisgah National Forest -81.76 36.02 Blue Ridge Mountains 
M3 Mount Jefferson State Natural Area -81.47 36.40 Blue Ridge Mountains 
M4 Hanging Rock State Park -80.26 36.39 Blue Ridge Mountains 
M5 Nantahala National Forest -83.21 35.10 Blue Ridge Mountains 
 
 
Table A2.2- PCA of plot-level climate variables 
Only axes explaining at least 1% of the total variance in climate are shown and the proportion of 
the variance explained by each axis is listed in the bottom row. Climatic variation among plots 
primarily follows the elevation gradient (PC1). Variables used in analysis of lichen community 
structure are in bold and were chosen to maximize the climatic variability represented while 
minimizing variable covariance. Therefore, the variables loading most strongly on the second 
and third axes were selected. The variables with the strongest correlation with each axis are 
boxed. Abbreviations: relative humidity (RH), vapor pressure deficit (VPD). 
 PC1 PC2 PC3 PC4 
RH 0.36 -0.31 0.24 0.73 
Cloud freq. 0.38 -0.03 0.02 0.02 
Cloud seasonality 0.29 0.52 0.75 -0.18 
Annual precip. 0.27 0.72 -0.51 0.25 
Max. temp. -0.38 0.21 0.08 0.33 
Mean temp. -0.38 0.19 -0.07 0.2 
Max. VPD -0.37 0.11 0.27 0.43 
Elevation 0.38 -0.09 -0.19 0.19 
Prop. variance 0.85 0.09 0.05 0.01 
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Table A2.3- Tree species sampled across ecoregions 
Species are listed with the number of trees sampled and their diameter range (DBH).  
 Piedmont Blue Ridge Mountains 
Species Number DBH (cm) Number DBH (cm) 
Acer floridanum 14 3-28   
Acer pensylvanicum   1 11-11 
Acer rubrum 36 4-41 43 3-47 
Acer saccharum   23 3-60 
Aesculus octandra   5 6-34 
Amelanchier arborea   1 9-9 
Betula alleghaniensis   15 4-40 
Betula lenta   21 5-35 
Carpinus carolineana 14 3-16 1 4-4 
Carya cordiformis 12 4-31   
Carya glabra 4 6-44 6 3-41 
Carya ovata 3 13-24 2 3-29 
Carya tomentosa 6 3-21 16 3-37 
Cercis canadensis 6 5-12   
Cornus florida 19 3-17 4 4-11 
Diospyros virginiana 1 8-8   
Fagus grandifolia 6 3-39   
Fraxinus americana 10 5-33 14 4-62 
Halesia carolina   4 17-24 
Hamamelis virginiana   2 5-6 
Ilex montana   1 4-4 
Ilex opaca 3 4-6 3 6-20 
Juglans nigra 3 23-27   
Juniperus virginiana 13 7-41   
Kalmia latifolia   8 4-9 
Liquidambar styraciflua 17 5-47   
Liriodendron tulipifera 40 4-70 28 3-61 
Magnolia acuminata   12 3-34 
Magnolia fraserii   10 4-34 
Morus rubra 1 6-6   
Nyssa sylvatica 5 3-16 8 4-22 
Ostraya virginiana 7 4-12 6 3-16 
Oxydendron arboreum 8 3-17 23 5-27 
Pinus echinata 16 9-71   
Pinus strobus   12 5-49 
Pinus taeda 8 9-66   
Platanus occidentalis 2 21-37   
Prunus serotina 9 11-20 6 4-52 
Quercus alba 18 4-77 27 5-64 
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Quercus coccinea   1 37-37 
Quercus falcata 1 20-20   
Quercus montana 9 10-31 21 3-61 
Quercus rubra 12 8-78 47 4-68 
Quercus stellata 1 48-48   
Quercus velutina 8 9-55 7 23-48 
Robinia pseudoacacia   7 17-37 
Sassafras albidum   2 7-11 
Tilia americana   3 5-44 
Tsuga canadensis   10 4-30 
Ulmus alata 1 18-18   
 
 
Estimation of light transmittance from canopy photographs 
Annual transmittance of photosynthetically active radiation (PAR) was calculated from 
hemispherical canopy photos obtained at dawn or under an overcast sky (to avoid direct 
sunbeams) (Jarčuška 2008) using a Nikon fisheye converter lens (FC-09) mounted on a Fuji 
FinePix S5200 digital camera. Photographs within the same plot were taken at constant exposure 
generally 1 stop greater than a reference exposure (+1 EV, exposure values) obtained via the 
camera’s internal light meter under open sky (Zhang et al. 2005). Automatic thresholding of the 
blue channel of photographs was performed in ImageJ (Rasband 2013) using the moment-
preserving thresholding algorithm (Tsai 1985) and binary images were subsequently analyzed 
with CIMES (Gonsamo et al. 2011) for total (direct and indirect) annual light transmission 
through the canopy under a clear sky based on each plot’s geographic coordinates and elevation. 
Because most sites were photographed at dawn, light levels changed substantially during the 
time it took to visit all 40 trees. To correct for the change in light level relative to the exposure 
setting, I measured a final reference exposure at the end of each photographing session, then 
assuming a linear change between the initial and final reference exposures, calculated ‘relative 
EV’ as the deviation of the actual camera exposure setting from the predicted reference exposure 
at the time the picture was taken (measured in exposure values, EV). Analysis of photographs 
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taken at higher relative EV finds higher values of light transmittance. To account for these 
potential biases due to exposure differences I calculated a corrected light transmittance variable 
as the residuals of light transmittance regressed on relative EV and used this variable in all 
subsequent models. 
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Trait variation across plots 
Figure A2.1- Variation in growth form across plots 
Boxplots show distributions of the proportion of lichens in each quadrat sample with a crustose 
(A), foliose (B), or fruticose growth form across all 18 plots. Log-transformed mean height 
above the substrate (‘Attachment’) is shown in panel D. Figure layout follows that of Figure 2.3. 
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Figure A2.2- Variation in foliose lichen traits across plots 
Boxplots show the distributions of log-transformed mean lobe area (A) and lobe dissection (B) 
for foliose lichens in each sample quadrat across all plots. The proportion of foliose lichens with 
cilia is in panel C. Plot layout follows Figure 2.3. 
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Figure A2.3- Variation in reproductive traits across plots 
Boxplots show the distributions of the proportion of lichens in each sample quadrat exhibiting 
sexual (A) or asexual (B) reproductive structures as well as the log-transformed mean 
reproductive effort among lichens with each of those structures (C and D). Plot layout follows 
Figure 2.3. 
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Table A2.4- Estimated effects of environmental variables on community structure metrics 
Standardized coefficient estimates are from a generalized linear model of the indicated response 
variable including all environmental variables as linear predictors. The change in deviance 
associated with dropping each variable from the model is shown with its associated P-value 
(from a likelihood ratio test). Variables are ordered by the magnitude of their unique effect.  
 
Response Predictor Scale Estimate SE Δ Deviance P 
RS Bark WHC Sample 0.217 0.018 142.3 <0.001 
 Bark furrow depth Sample 0.146 0.019 58.2 <0.001 
 Bark pH Sample -0.137 0.019 56.4 <0.001 
 Soil pH Plot -0.137 0.016 82.3 <0.001 
 Bark stability Sample 0.118 0.014 73.0 <0.001 
 Cloud seasonality Site -0.096 0.014 50.0 <0.001 
 Bryophyte abundance Sample -0.079 0.019 18.4 <0.001 
 Light transmittance Tree 0.076 0.013 32.4 <0.001 
 Annual precipitation Site -0.065 0.013 24.5 <0.001 
 Topographic openness Plot 0.032 0.013 6.0 0.014 
 Surface angle Sample 0.026 0.012 4.6 0.032 
 Bark density Sample 0.014 0.012 1.4 0.234 
 Tree DBH Tree -0.011 0.019 0.3 0.557 
 Elevation Site -0.003 0.014 0.1 0.807 
RM Bark WHC Sample 0.205 0.018 119.6 <0.001 
 Bark furrow depth Sample 0.142 0.019 51.5 <0.001 
 Soil pH Plot -0.134 0.016 74.0 <0.001 
 Bark pH Sample -0.129 0.019 46.9 <0.001 
 Bark stability Sample 0.114 0.014 64.1 <0.001 
 Cloud seasonality Site -0.104 0.014 54.1 <0.001 
 Light transmittance Tree 0.091 0.014 43.0 <0.001 
 Bryophyte abundance Sample -0.082 0.019 18.2 <0.001 
 Annual precipitation Site -0.067 0.014 24.7 <0.001 
 Topographic openness Plot 0.038 0.013 8.2 0.004 
 Surface angle Sample 0.028 0.012 4.9 0.027 
 Tree DBH Tree -0.022 0.020 1.3 0.255 
 Bark density Sample 0.012 0.012 0.8 0.357 
 Elevation Site -0.001 0.014 0.0 0.947 
NAVG Bark pH Sample -0.299 0.063 69.3 <0.001 
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 Bark stability Sample 0.227 0.052 59.8 <0.001 
 Bark furrow depth Sample 0.163 0.074 15.0 0.028 
 Soil pH Plot -0.143 0.051 24.8 0.005 
 Cloud seasonality Site -0.130 0.051 20.1 0.011 
 Tree DBH Tree 0.129 0.064 12.4 0.046 
 Light transmittance Tree -0.122 0.053 16.4 0.022 
 Annual precipitation Site 0.097 0.049 11.9 0.051 
 Bark density Sample 0.078 0.050 7.7 0.115 
 Bryophyte abundance Sample 0.064 0.078 2.1 0.412 
 Topographic openness Plot 0.063 0.052 4.7 0.221 
 Bark WHC Sample 0.047 0.073 1.3 0.519 
 Elevation Site -0.043 0.051 2.3 0.392 
 Surface angle Sample -0.023 0.048 0.7 0.628 
FD Bark WHC Sample 0.023 0.002 0.3 <0.001 
 Soil pH Plot -0.014 0.002 0.2 <0.001 
 Bark stability Sample 0.013 0.002 0.2 <0.001 
 Bark pH Sample -0.013 0.002 0.1 <0.001 
 Cloud seasonality Site -0.009 0.002 0.1 <0.001 
 Light transmittance Tree 0.008 0.002 0.1 <0.001 
 Annual precipitation Site -0.007 0.002 0.1 <0.001 
 Bark furrow depth Sample 0.006 0.002 0.0 0.005 
 Bryophyte abundance Sample -0.005 0.002 0.0 0.046 
 Topographic openness Plot 0.004 0.002 0.0 0.029 
 Surface angle Sample 0.002 0.001 0.0 0.169 
 Bark density Sample -0.002 0.002 0.0 0.337 
 Elevation Site 0.001 0.002 0.0 0.718 
 Tree DBH Tree 0.001 0.002 0.0 0.807 
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Figure A2.4- Spatial variability of important tree and sample scale environmental variables 
Bars show the proportion of variance occurring at the scale indicated by the bar’s color after 
controlling for variance at the next higher scale (i.e. repeatability). Variance components were 
estimated from mixed effects models with Gaussian errors. Sample-level variables (bryophyte 
abundance, bark stability, WHC and pH) primarily vary within and between trees. Tree-level 
light transmittance primarily varies within and between plots. 
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APPENDIX 3: ADDITIONAL INFORMATION FOR CHAPTER 3 
Within-sample trait dispersion along environmental gradients 
In the following figures, within-sample trait diversity is reported as a standardized z-
score. These are calculated by comparing the observed trait diversity to a null-distribution for the 
sample generated by randomizing trait values among all observed morphospecies in the dataset. 
Thus, the null model holds total lichen frequency and morphospecies richness constant. The z-
score is the number of standard deviations above (or below) the mean of the null distributions 
that the observed diversity falls. Negative values mean that trait values within a sample are more 
similar than a random selection and indicate the trait is constrained. Points in red fall in the 5
th
 
percentile of the null distribution. 
Null distributions for the proportion of the community exhibiting crustose or fruticose 
growth forms (Figure A3.1) or asexual reproduction (Figure A3.4) are generated in the same 
way, except that positive values indicate that the observed proportion is higher than the null 
distribution mean and does not imply that traits are more dispersed. Large positive values would 
actually mean that the proportion is much higher than expected by chance. Trait dispersion is 
plotted along relevant environmental gradients in order to test whether certain parts of the 
gradient constrain traits (as would be expected if performance filters were operating). There were 
no clear patterns indicating that this occurred. 
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Figure A3.1- Within-sample variation growth form along gradients of epiphyte abundance 
and climatic water availability 
Points show z-scores for growth form diversity or the proportion of the community exhibiting 
crustose of fruticose growth forms. Abbreviations: total lichen frequency (NTOT) and annual 
maximum vapor pressure deficit (VPD).  
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Figure A3.2- Within-sample attachment diversity along gradients of epiphyte abundance 
and climatic water availability 
Abbreviations: total lichen frequency (NTOT) and annual maximum vapor pressure deficit (VPD). 
 
 
 
Figure A3.3- Within-sample lobe dissection diversity versus annual maximum vapor 
pressure deficit (VPD) 
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Figure A3.4- Within-sample variation in lichens exhibiting asexual reproduction along a 
gradient of bark instability 
(A) Within-sample dispersion of presence/absence of asexual reproduction (negative values 
indicate lichens tend to have the same character state). (B) Proportion of the lichens exhibiting 
asexual reproduction (positive values indicate more lichens reproduce asexually than expected). 
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Effects of tree size on lichen abundance and growth form  
Figure A3.5- Changes in total lichen frequency (NTOT) with tree diameter (DBH) 
Lines show predictions from a generalized linear model fit to all samples (black) and for each 
tree species with at least 10 samples (colored lines). Significant negative relationships are plotted 
in red while significant positive relationship are labeled and plotted in blue. Species for which 
lichen abundance increased: Fagus grandifolia, Ilex opaca, Juniperus virginiana, Oxydendron 
arboreum, Prunus serotina, Ulmus rubra  
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Figure A3.6- Predicted shifts in growth form (A) and bryophyte cover (B) with tree 
diameter (DBH) 
Lines show predictions from generalized linear mixed models including a random effect of plot.  
 
 
 
  
  
148 
 
APPENDIX 4: ADDITIONAL INFORMATION FOR CHAPTER 4 
Trait differences among genera 
Table A4.1- Number of thalli of each species used for trait measurements 
Taxa named Genus sp. indicate thalli for which a taxonomic identification could not be 
determined beyond genus. Some taxa had characters that distinguished them as distinct species, 
but an exact species name could not be determined (Parmotrema hypotropum sp. 2, Parmotrema 
sp. 1, Usnea sp. 1). 
 
Species WHCDM 
Thallus 
thickness STA 
Cortex 
thickness 
Rhizine 
length CHLTOT CHLA:B 
Canoparmelia sp. 3 3 3 3 3 3 3 
Canoparmelia caroliniana 46 46 44 45 46 45 45 
Canoparmelia crozalsiana 5 5 5 5 5 5 5 
Canoparmelia texana 1 1 1 1 1 1 1 
Flavoparmelia caperata 83 84 82 83 84 76 76 
Hypotrachyna sp. 1 1 1 1 1 1 1 
Hypotrachyna livida 24 24 23 24 24 23 23 
Myelochroa sp. 1 1 1 1 1 1 1 
Myelochroa obsessa 1 1 1 1 1 1 1 
Phaeophyscia rubropulchra 3 3 3 3 3 1 1 
Physcia sp. 1 1 1 1 1 1 1 
Physcia aipolia 1 1 1 1 1 0 0 
Physcia americana 1 0 1 0 0 1 1 
Physcia millegrana 23 20 23 20 21 4 4 
Parmotrema sp. 26 27 26 27 27 24 23 
Parmotrema hypotropum 33 33 33 33 32 33 33 
Parmotrema hypotropum sp. 2 2 2 2 2 2 2 2 
Parmotrema reticulatum 18 18 18 18 18 16 16 
Parmotrema sp. 1 4 4 4 4 4 3 3 
Parmotrema submarginale 10 11 9 11 11 11 11 
Parmotrema subisidiosum 3 3 3 3 3 2 2 
Parmotrema tinctorum 3 3 3 3 3 3 3 
Parmotrema ultralucens 1 1 1 1 1 0 0 
Parmelinopsis minarum 4 4 4 4 4 4 4 
Punctelia sp. 38 38 37 38 38 32 32 
Punctelia rudecta 143 141 142 141 141 131 130 
Pyxine subcinerea 17 17 17 17 17 13 13 
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Usnea sp. 2 2 2 2 0 2 2 
Usnea sp. 1 3 3 3 3 0 3 3 
Usnea strigosa 4 4 4 4 0 4 4 
 
 
Figure A4.1- Trait distributions across genera 
Trait distributions across genera are shown along with the Kruskal-Wallis test statistic and its P-
value, which tests for different trait means across genera allowing for unequal variances among 
groups. Note that traits and statistical tests are shown here on their original scales, but models of 
traits were fit to log-transformed values. 
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Figure A4.2- Trait distributions for species within Parmotrema 
Trait distributions across species in the genus Parmotrema are shown along with the Kruskal-
Wallis test statistic and its P-value, which tests for different trait means across genera allowing 
for unequal variances among groups. Only STA shows differences among species. Note that 
traits and statistical tests are shown here on their original scales, but models of traits were fit to 
log-transformed values. Species abbreviations are Parmotrema sp. (Pmo), P. hypotropum 
(Pmo_hyp), P. hypotropum sp. 2 (Pmo_hyp2), P.  reticulatum (Pmo_ret), P. sp. 1 (Pmo_sp1), P. 
submarginale (Pmo_sub), P. subisidiosum (Pmo_sui), P. tinctorum (Pmo_tin), and P. ultralucens 
(Pmo_ult). 
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Table A4.2- Linear model slopes for individual trait models fit to each genus separately 
Slope estimates are from normal linear models without random effects. The column labeled ‘All’ has the slope estimate across all 
genera for comparison. Estimates in bold are significantly different from zero at P < 0.05. There are only two cases where models fit 
to different genera estimate significant and opposite effects of an environmental variable on a trait: CHLTOT ~ Mean light and WHCDM 
~ Mean light. These relationships are shown in Figure A4.3. 
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CHLA:B 
  
Sun freq. 0.201 0.024 0.008 -0.004 0.417 -0.013 0.038 -0.004 0.031 -0.007 
Mean light 0.361 0.045 0.007 -0.011 0.713 -0.014 0.040 0.000 0.031 -0.012 
Max. temp. -0.335 0.029 -0.004 -0.013 0.190 -0.033 -0.050 -0.023 0.091 -0.022 
Air sat. freq. 0.833 0.015 0.023 0.030 -5.797 0.072 1.163 0.043 -0.040 -1.078 
Mean VPD -0.278 0.083 -0.032 -0.064 8.035 -0.218 0.076 -0.155 0.247 -0.085 
Cortex 
thickness 
  
Sun freq. 1.751 0.028 0.017 0.010 0.326 0.016 0.001 0.005 -0.001 0.012 
Mean light 0.799 0.055 0.018 0.005 0.520 0.019 -0.004 0.003 -0.002 0.013 
Max. temp. 1.244 0.043 0.037 0.123 0.343 0.071 0.011 0.027 -0.013 0.042 
Air sat. freq. -1.495 -0.094 -0.067 -0.159 2.242 -0.123 -0.146 -0.042 -0.004 1.557 
Mean VPD 0.606 0.283 0.183 0.297 3.713 0.336 0.305 0.156 0.016 -0.116 
Rhizine 
length 
  
Sun freq. -0.201 -0.005 -0.005 -0.008 -0.100 0.000 -0.006 0.003 -0.005 
 Mean light 0.233 -0.005 -0.004 -0.002 -0.172 0.004 -0.009 0.005 -0.004 
 Max. temp. -0.568 -0.016 -0.014 -0.043 -0.047 -0.019 0.002 -0.023 -0.004 
 Air sat. freq. 0.126 0.021 0.019 0.063 2.569 0.011 -0.012 0.031 -0.048 
 Mean VPD -0.080 -0.056 -0.052 -0.090 -1.687 -0.033 0.031 -0.107 0.186 
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STA 
  
Sun freq. -0.257 -0.007 0.006 0.011 -0.077 0.000 -0.010 0.001 -0.005 -0.020 
Mean light -0.319 -0.002 0.005 0.018 -0.104 0.000 -0.022 0.001 -0.010 -0.026 
Max. temp. 0.563 -0.029 0.034 0.039 -0.199 0.024 0.026 0.006 -0.043 -0.075 
Air sat. freq. -0.699 0.014 -0.045 -0.047 -1.862 -0.019 -0.090 -0.017 0.031 0.390 
Mean VPD 0.260 -0.010 0.125 0.088 1.138 0.067 0.115 0.059 -0.128 -0.417 
Thallus 
thickness 
  
Sun freq. 1.420 0.007 -0.004 -0.004 0.230 0.010 0.008 0.003 -0.006 0.022 
Mean light 0.646 0.011 -0.003 -0.007 0.373 0.014 0.010 0.001 -0.008 0.029 
Max. temp. 0.276 0.006 -0.006 0.015 0.223 -0.010 0.004 -0.002 -0.017 0.093 
Air sat. freq. -0.862 -0.020 0.008 -0.023 0.067 0.017 -0.024 -0.010 -0.023 0.799 
Mean VPD 0.300 0.043 -0.034 0.038 2.739 -0.030 0.093 0.028 0.026 0.356 
CHLTOT 
  
Sun freq. 0.636 0.018 0.000 0.009 0.005 -0.001 -0.032 0.005 -0.025 -0.002 
Mean light 1.056 0.036 0.001 0.021 0.018 0.002 -0.044 0.010 -0.026 -0.003 
Max. temp. -0.189 0.012 -0.010 0.003 -0.025 -0.024 0.095 0.011 -0.094 -0.013 
Air sat. freq. 1.043 0.014 0.024 0.076 -4.001 0.047 2.855 0.055 0.015 -0.162 
Mean VPD -0.258 0.048 -0.041 -0.044 -0.055 -0.102 -0.178 -0.107 -0.176 -0.026 
WHCDM 
  
Sun freq. 0.204 -0.007 -0.007 0.002 -0.018 0.004 0.021 0.004 -0.002 -0.011 
Mean light 0.368 -0.016 -0.010 0.008 -0.030 0.006 0.018 0.009 -0.005 -0.016 
Max. temp. -1.240 -0.024 -0.039 -0.023 -0.022 -0.048 0.041 -0.001 -0.022 -0.051 
Air sat. freq. 1.493 0.048 0.070 0.081 0.967 0.057 -0.027 0.040 -0.022 -0.243 
Mean VPD -0.551 -0.109 -0.163 -0.092 0.043 -0.180 0.171 -0.101 0.079 -0.231 
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Figure A4.3- Predicted effects of mean light on WHCDM and CHLTOT estimated for each 
genus separately 
Each point is an individual lichen thallus colored by genus. Lines show model predicted 
relationships between mean light and the traits. Models were fit to log-transformed traits but are 
plotted here on the original scale. These are the only two trait ~ environment relationships where 
models indicated that genera might be responding in opposite ways to environmental variables. 
Solid lines indicate significant effects at P < 0.05 (Table A4.2). 
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Species distributions along environmental gradients 
Table A4.3. Environmental differences between sites 
Site difference shows the difference in means of environmental variables between samples 
collected at Waterdog Farms and samples from Duke Forest. Duke Forest samples generally 
experienced lower mean light, higher temperature and VPD, and lower frequency of air 
saturation. All variables except sun frequency differed significantly between sites (based on F-
test). 
  Site Difference Std. Error F value P 
Mean light -2377.1 lx 607.70 15.3 0.0001 
Sun freq. -1.1 % 0.81 1.9 0.1633 
Max. temp. 2.6 °C 0.28 86.3 0.0000 
Mean VPD 189.5 Pa 4.62 1679.4 0.0000 
Air sat. freq. -5.6 % 0.07 5810.0 0.0000 
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Table A4.4- Logistic models of species’ occurrence along canopy microclimate gradients in 
Duke Forest 
Log odds gives the estimated change odds of occurring (on the log-scale) with one unit of 
increase in the predictor variable. Positive values indicate increasing frequency while negative 
values indicate decreasing frequency. Units for variables are as follows: mean light (kilo-lux), 
sun frequency (% of time), maximum temperature (°C), mean VPD (100 Pa), air saturation 
frequency (% of time). Models in bold show a significant (P < 0.05) change in occurrence 
probability. 
 
Species Predictor Log Odds Log Odds CI P AICc Deviance 
Canoparmelia 
carolineana 
Mean light -0.02 (-0.14, 0.1) 0.698 60.85 56.54 
Sun freq. -0.02 (-0.1, 0.07) 0.712 60.86 56.56 
Max. temp. 0.06 (-0.18, 0.32) 0.621 60.76 56.45 
Mean VPD -0.15 (-1.63, 1.33) 0.836 60.96 56.65 
Air sat. freq. 2.49 (-2.75, 8.09) 0.353 60.14 55.83 
Flavoparmelia 
caperata 
Mean light 0.14 (-0.02, 0.36) 0.088 47.50 43.20 
Sun freq. 0.10 (-0.01, 0.23) 0.081 47.38 43.07 
Max. temp. 0.23 (-0.07, 0.62) 0.144 48.28 43.97 
Mean VPD 2.75 (0.55, 5.68) 0.011 43.98 39.68 
Air sat. freq. -3.22 (-9.93, 2.85) 0.302 49.35 45.04 
Hypotrachyna 
livida 
Mean light 0.05 (-0.08, 0.18) 0.422 53.92 49.61 
Sun freq. 0.04 (-0.05, 0.13) 0.366 53.75 49.44 
Max. temp. 0.13 (-0.13, 0.41) 0.310 53.53 49.22 
Mean VPD 0.73 (-0.84, 2.36) 0.357 53.71 49.41 
Air sat. freq. 0.04 (-5.71, 5.82) 0.990 54.56 50.25 
Physcia 
millegrana 
Mean light 0.07 (-0.05, 0.22) 0.280 57.89 53.58 
Sun freq. 0.04 (-0.05, 0.13) 0.411 58.38 54.07 
Max. temp. 0.05 (-0.19, 0.32) 0.673 58.88 54.57 
Mean VPD 1.53 (-0.09, 3.49) 0.065 55.66 51.35 
Air sat. freq. -9.55 (-17.72, -3.08) 0.003 49.99 45.68 
Parmotrema 
hypotropum 
Mean light -0.02 (-0.15, 0.1) 0.737 60.89 56.58 
Sun freq. -0.02 (-0.11, 0.06) 0.551 60.64 56.34 
Max. temp. -0.08 (-0.34, 0.16) 0.540 60.62 56.32 
Mean VPD -0.16 (-1.67, 1.3) 0.834 60.95 56.65 
Air sat. freq. 2.48 (-2.77, 8.1) 0.357 60.15 55.84 
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Parmotrema 
reticulatum 
Mean light 0.03 (-0.09, 0.16) 0.620 60.75 56.44 
Sun freq. 0.02 (-0.06, 0.1) 0.671 60.82 56.51 
Max. temp. -0.08 (-0.33, 0.17) 0.535 60.61 56.31 
Mean VPD 0.29 (-1.17, 1.82) 0.702 60.85 56.54 
Air sat. freq. 0.01 (-5.29, 5.3) 0.997 61.00 56.69 
Parmotrema 
submarginale 
Mean light 0.00 (-0.15, 0.13) 0.980 50.41 46.10 
Sun freq. 0.00 (-0.09, 0.1) 0.918 50.40 46.09 
Max. temp. -0.12 (-0.46, 0.16) 0.406 49.72 45.41 
Mean VPD -0.04 (-1.82, 1.62) 0.964 50.41 46.10 
Air sat. freq. -3.44 (-10.08, 2.63) 0.269 49.19 44.88 
Parmotrema 
subisidiosum 
Mean light -0.12 (-0.39, 0.07) 0.245 37.41 33.10 
Sun freq. -0.06 (-0.21, 0.06) 0.352 37.89 33.58 
Max. temp. -0.02 (-0.4, 0.3) 0.930 38.75 34.44 
Mean VPD -0.55 (-2.98, 1.49) 0.610 38.50 34.19 
Air sat. freq. -1.95 (-9.72, 5.43) 0.602 38.49 34.18 
Parmotrema 
ultralucens 
Mean light 0.09 (-0.06, 0.25) 0.225 37.29 32.98 
Sun freq. 0.08 (-0.03, 0.2) 0.136 36.53 32.22 
Max. temp. 0.12 (-0.21, 0.44) 0.458 38.21 33.90 
Mean VPD 0.65 (-1.4, 2.66) 0.517 38.34 34.03 
Air sat. freq. 2.48 (-4.89, 10.48) 0.511 38.33 34.02 
Parmelinopsis 
minarum 
Mean light -0.11 (-0.3, 0.03) 0.143 50.47 46.16 
Sun freq. -0.08 (-0.2, 0.02) 0.110 50.06 45.75 
Max. temp. 0.08 (-0.19, 0.35) 0.544 52.24 47.94 
Mean VPD -0.57 (-2.42, 1.06) 0.502 52.16 47.85 
Air sat. freq. -3.29 (-9.69, 2.58) 0.275 51.42 47.11 
Punctelia rudecta Mean light 0.04 (-0.13, 0.28) 0.662 34.78 30.47 
Sun freq. 0.02 (-0.1, 0.17) 0.744 34.86 30.56 
Max. temp. 0.37 (-0.07, 0.96) 0.112 32.45 28.14 
Mean VPD 1.66 (-0.79, 4.98) 0.200 33.33 29.02 
Air sat. freq. -9.62 (-22.08, -0.56) 0.036 30.59 26.28 
Pyxine subcinerea Mean light 0.10 (-0.02, 0.25) 0.104 59.03 54.72 
Sun freq. 0.05 (-0.03, 0.14) 0.248 60.34 56.03 
Max. temp. -0.01 (-0.25, 0.24) 0.955 61.67 57.36 
Mean VPD 1.71 (0.12, 3.62) 0.034 57.18 52.87 
Air sat. freq. -6.78 (-13.51, -1.11) 0.018 56.07 51.76 
Usnea strigosa Mean light 0.08 (-0.05, 0.21) 0.230 51.17 46.86 
Sun freq. 0.04 (-0.05, 0.13) 0.396 51.89 47.58 
Max. temp. 0.01 (-0.28, 0.27) 0.970 52.61 48.30 
Mean VPD 1.02 (-0.58, 2.72) 0.210 51.04 46.73 
Air sat. freq. -0.45 (-6.4, 5.45) 0.880 52.59 48.28 
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Figure A4.4- Predicted distributional changes along humidity gradients 
Lines show changes in predicted occurrence probability from models in Table S4. Dashed light 
grey lines indicate non-significant distributional change along humidity gradients (P > 0.1). Solid 
grey and black lines show species with estimated effects differing from zero at P < 0.1 or <0.05, 
respectively. Species abbreviations are: Flavoparmelia caperata (Fla_cap), Physcia millegrana 
(Phy_mil), Punctelia rudecta (Pun_rud), and Pyxine subcinerea (Pyx_sub). 
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Individual trait models 
Figure A4.5- Comparison of estimated environmental effects on individual traits with and 
without controlling for site differences 
Points show fixed effect estimates from linear mixed effects models of individual traits with 95% 
profile likelihood confidence intervals. Models without site as a covariate are in black while 
models with site are in grey. Lines crossing zero indicate that the environmental variable does 
not have a significant effect on a trait. Traits and environmental variables are not on the same 
scale, so estimated effects should not be compared across traits models with different traits or 
environmental predictors. 
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Figure A4.6- Variance components for individual trait models with mean VPD fit to foliose 
thalli only 
Figure layout follows that of Figure 3 in the main text. Here, models of individual traits were fit 
only to foliose thalli (i.e. excluding the genus Usnea). This reduced the uncertainty associated 
with estimating the trait variance accounted for by differences among genera as well as the 
amount of variance explained.  
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Table A4.5- Trait loadings and eigenvalues of a PCA of individual thallus traits 
For each trait, the axis with which it is most strongly correlated is highlighted in bold. The 
proportion of the total variance accounted for by each axis is listed in the last row. The first axis 
primarily measured size differences. Rhizine length was omitted because it is not applicable to 
fruticose taxa. 
  PC1 PC2 PC3 PC4 PC5 PC6 
WHCDM -0.040 2.613 -0.565 -0.166 -1.397 -0.361 
Thallus thickness -2.588 0.329 -0.596 0.354 -0.085 1.436 
STA 2.001 -0.574 0.638 1.329 -1.418 0.776 
Cortex thickness -2.082 -1.128 -0.323 1.279 -0.912 -1.022 
CHLTOT 1.185 0.462 -2.029 1.437 1.046 -0.059 
CHLA:B -0.581 1.366 1.912 1.360 0.990 -0.153 
Eigenvalues 1.781 1.127 0.951 0.793 0.730 0.410 
Variance Proportion 0.308 0.195 0.164 0.137 0.126 0.071 
 
Table A4.6- Trait loadings and eigenvalues of PCA of individual thallus traits from foliose 
taxa only 
For each trait, the axis with which it is most strongly correlated is highlighted in bold. The 
proportion of the total variance accounted for by each axis is listed in the last row. Rhizine length 
is included and fruticose thalli are excluded. 
  PC1 PC2 PC3 PC4 PC5 PC6 PC7 
WHCDM -0.420 2.297 -1.114 -0.499 -0.436 -1.266 0.343 
Thallus thickness -1.815 -0.337 -0.726 -0.066 -0.663 -0.062 -1.472 
STA 1.374 0.116 0.777 1.623 -0.048 -1.410 -0.584 
Cortex thickness -1.635 -1.458 -0.607 1.173 -0.837 -0.511 0.909 
Rhizine length -1.521 1.419 -0.028 1.437 1.378 0.757 0.009 
CHLTOT 1.657 0.620 -1.217 0.944 -1.222 1.222 -0.064 
CHLA:B -0.964 1.098 1.942 0.019 -1.487 0.431 0.124 
Eigenvalues 1.579 1.254 0.900 0.813 0.781 0.688 0.391 
Variance Proportion 0.246 0.196 0.141 0.127 0.122 0.107 0.061 
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Figure A4.7- Proportion of variance of individual thallus traits explained by environment 
variables (Environment), taxonomic identity (Genus), site location (Site), and their joint 
effects 
Variance partitioning was carried out by partial RDA and proportion of variance explained is 
based on Radj
2. 
The left panel shows analyses on all thalli but excluding rhizine length as a trait 
(since this trait does not apply to fruticose thalli). The right panel includes rhizine length but 
excludes fruticose thalli. 
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Table A4.7- Statistics from RDAs of individual thallus traits constrained by environmental 
variables 
RDAs were constrained by the indicated environmental variable and the table shows the 
proportion of the variance accounted for by the constrained axis (Radj
2
), the actual variance, the 
residual variance, the pseudo-F statistic comparing the constrained model to an unconstrained 
model and the P-value of the statistic under a Chi-squared distribution. Condition indicates 
whether the RDA was first conditioned on site, in which case statistics are for the explanatory 
power of the indicated environmental variable after controlling for site level differences. ‘Thalli’ 
indicates whether ordination was performed on all thalli (but excluding rhizine length) or 
whether ordination was performed only on foliose thalli so that rhizine length could be used as a 
trait. 
  
Thalli Predictor Condition Radj
2 
Variance Residual Total F P 
All Sun freq. None 0.002 0.022 5.771 5.793 1.964 0.085 
 
  Site 0.003 0.029 5.475 5.504 2.675 0.017 
 
Mean light None 0.001 0.015 5.777 5.793 1.360 0.240 
 
  Site 0.003 0.026 5.478 5.504 2.429 0.038 
 
Max. temp. None 0.016 0.105 5.687 5.793 9.509 0.001 
 
  Site 0.002 0.025 5.479 5.504 2.330 0.043 
 
Air sat. freq.  None 0.045 0.270 5.523 5.793 25.044 0.001 
  
Site -0.001 0.004 5.500 5.504 0.351 0.889 
 
Mean VPD None 0.044 0.268 5.525 5.793 24.904 0.001 
    Site 0.003 0.026 5.478 5.504 2.446 0.039 
Foliose Sun freq. None 0.002 0.024 6.383 6.406 1.889 0.078 
 
  Site 0.003 0.030 6.091 6.120 2.443 0.025 
 
Mean light None 0.001 0.017 6.389 6.406 1.374 0.231 
 
  Site 0.002 0.026 6.094 6.120 2.139 0.046 
 
Max. temp. None 0.016 0.113 6.293 6.406 9.078 0.001 
 
  Site 0.003 0.033 6.088 6.120 2.688 0.015 
 
Air sat. freq.  None 0.040 0.267 6.140 6.406 21.898 0.001 
  
Site -0.001 0.005 6.115 6.120 0.428 0.885 
 
Mean VPD None 0.040 0.266 6.141 6.406 21.821 0.001 
    Site 0.002 0.028 6.092 6.120 2.313 0.026 
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Mean trait models 
Figure A4.8- Proportion of variation in sample-level mean traits attributable to 
intraspecific variability and species turnover 
(A) All thalli. (B) Foliose thalli only. Variation of sample-level mean traits primarily results from 
intraspecific variation rather than turnover in species composition. Thallus thickness is the only 
trait that shows substantial variation due to interspecific species turnover, but this is most likely 
due to Usnea, which has much thicker thalli than other genera (Figure A4.1). Four traits show 
negative covariation between intra and inter specific components: thallus thickness, STA, and the 
two chlorophyll traits. This occurs when species with higher trait values tend to occur in samples 
where individuals with lower average trait values occur, or vice versa.  
 
(A) 
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(B) 
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Figure A4.9- Variation in sample-mean traits explained by environmental variables 
This is an expanded version of Figure 4.4 showing all environmental variables. The column 
labeled ‘Total’ shows the proportion of the total variance in sample-level trait means accounted 
for by each environmental covariate (based on ANOVA). In the columns labeled ‘Intraspecific’ 
and ‘Interspecific’, the proportion of variance explained is based on ANOVAs of a partition of 
sample-level trait means into two additive components: the expected mean trait value based on 
species-level average traits (‘fixed average’, FA) and the deviation of the actual sample-mean 
from this value (the contribution of intraspecific variability, ‘ISV’). Comparing the explained 
variance between the intraspecific and interspecific columns shows whether a given 
environmental variable affects trait variance among samples primarily through intraspecific 
variability or through changes in species composition. Black bars indicate significant effects (F-
test, P <0.05). Positive or negative effects are signified by a + or – symbol at the end of each bar. 
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Figure A4.10- Variation in sample-mean traits explained by environmental variables after 
controlling for site 
This is the same as Figure A4.9, except that it shows variance accounted for by environmental 
covariates after removing variance due to site differences. The only effects remaining are a weak 
positive effect of light variables on cortex thickness due to intraspecific variability. 
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Table A4.8- Statistics for RDAs of sample-mean traits 
RDAs were constrained by the indicated environmental variable and the table shows the 
proportion of the variance of all traits accounted for by the constrained axis (Radj
2
), the pseudo-F 
statistic comparing the constrained model to an unconstrained model and the P-value of the 
statistic under a Chi-squared distribution. Component indicates whether the RDA was performed 
on actual sample-level trait means (‘Total’), expected trait means based on species-level means 
(‘Interspecific’) or the deviation of actual sample-level means from those expected based on 
species-level means (‘Intraspecific’).  
 
Component Predictor Radj
2 
F P 
Interspecific Sun freq. -0.016 0.122 0.97 
 
Mean light -0.014 0.212 0.907 
 
Max. temp. 0.000 1.021 0.362 
 
Air sat. freq. 0.053 4.172 0.007 
 
Mean VPD 0.044 3.609 0.018 
Intraspecific Sun freq. 0.001 1.077 0.356 
 
Mean light 0.000 0.988 0.421 
 
Max. temp. 0.017 1.980 0.067 
 
Air sat. freq. 0.101 7.422 0.001 
 
Mean VPD 0.098 7.200 0.001 
Total Sun freq. -0.005 0.735 0.579 
 
Mean light -0.007 0.624 0.657 
 
Max. temp. 0.024 2.417 0.037 
 
Air sat. freq. 0.103 7.552 0.001 
 
Mean VPD 0.101 7.427 0.001 
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